Synthesis of segmented polymer structures based on renewable resources by De Smet, Sanne
 
 
Department of Organic and Macromolecular Chemistry 
Polymer Chemistry Research Group 
 
  
 
 
 
 
 
 
Synthesis of segmented polymer 
structures based on renewable resources 
 
 
 
Sanne DE SMET 
 
 
 
 
 
Promotor: Prof. Dr. Filip Du Prez 
 
 
 
 
Ghent, 2016 
 
 
 
Thesis submitted to obtain the degree of Doctor of Science: Chemistry 
 
  
 
 
 
 
 
 
 
 
 
 
 
Exam Commission  
 
 
Prof. F. Du Prez (promotor, UGent) 
Prof. R. Hoogenboom  (UGent) 
Prof. S. Van Vlierberghe (UGent) 
Prof. S. De Wildeman (UGent and University of Maastricht) 
Prof. M. Meier (Karlsruhe Institute of Technology) 
Prof. B. Klumperman (University of Capetown) 
 
 
 
Dankwoord 
 
Een doctoraat afronden is een werk van lange adem en vraagt bloed, zweet en (in mijn geval veel) 
tranen. En hoewel er op de cover van deze thesis enkel plaats was voor mijn naam, besef ik maar al 
te goed dat ik de eindmeet nooit had gehaald zonder de inzet, steun en energie van de vele mensen 
rondom mij.  Eén voor één verdienen ze een standbeeld, maar een oprechte dankjewel aan het begin 
van deze thesis leek me al een stap in de goede richting.  
 
Allereerst wil ik mijn promotor Prof. Dr. Filip Du Prez bedanken voor de opportuniteit die hij me gaf 
door me te laten doctoreren in zijn onderzoeksgroep. Hij gaf mij, geen hardcore scheikundige, maar 
een bio-ingenieur met een fascinatie voor plastiek, de kans om deze fascinatie verder uit te diepen 
en nog meer verwonderd te staan van de diversiteit en de mogelijkheden van de polymeerwereld. 
 
Uiteraard wil ik ook al mijn collega’s bedanken die allemaal stuk voor stuk hebben bijgedragen aan 
de toffe werksfeer, de hulp op wetenschappelijk gebied en de nodige afleiding op tijd en stond. 
Graag had ik toch een aantal mensen in het bijzonder vermeld: 
- Lab manager Bernhard: ik denk dat het moeilijk is om jouw rol in de PCR-groep te 
onderschatten. Niet alleen hield je de groep draaiende door allerlei technische problemen op 
te lossen, je stond ons ook bij met raad en daad in de dagelijkse werking. Maar er is nog zo 
veel meer: bedankt voor de mailtjes die opgevrolijkt werden met wat droge humor, voor de 
‘interessante’ ganggesprekken, vooral op vrijdagmiddag. Bedankt om me niet tegen te 
houden als ik weer enthousiast een toestel wilde opvrolijken met een persoonlijke 
naam/sticker, bedankt voor alles. 
- Zophie, in je eerste jaar in de PCR-groep mocht ik je inleiden in de wondere wereld van de 
polymeren. Onze begeleider/thesisstudent strategie was meer gebaseerd op samenwerken 
en leren van elkaar dan het ‘ik zeg, jij doet’ principe. Het is mede door deze strategie dat we 
later eerst fijne collega’s werden en nu nog steeds samenkomen voor een naainamiddag. Je 
was altijd paraat voor een fijne babbel, een laat-je-frustratie-los gesprek of gewoon wat 
gelach in het labo.       
- Oğuz: thank you for bringing back the spark in me, your enthusiasm was contagious. Working 
together on the ADMET project pushed me to not give up. I still think you’re Oğuzome! 
- Benjamin, Kevin, Laetitia, Jonas, Steven, Wim, Frank, Bastiaan, Daniël, Stef, Hannes, Niels en 
iedereen die ik hier vergeet: bedankt voor de gezellige middagmalen, de koffiepauzes, de 
babbels in de gang, de schrale muziek, de vette schijven tijdens de cleaning days en het 
luisterend oor. Ik ben hierdoor nog meer van overtuigd dat een job alleen écht leuk kan zijn, 
met de juiste mensen in de groep. Ik ben blij dat ik in jullie team zat.      
Dankwoord   
 
 
 
Alle mensen van het administratief en het technisch personeel van de vakgroep Organische Chemie 
wens ik te bedanken voor de praktische ondersteuning en de vlotte samenwerking. Verder zou ik 
graag volgende mensen uit verschillende onderzoeksgroepen bedanken voor hun bijdrage aan mijn 
doctoraatsonderzoek: 
- Prof. Martins en Tim voor de NMR metingen 
- Prof. Hoogenboom voor het gebruik van het DLS-toestel 
- Prof. Sels en Dr. Dusselier voor de samenwerking rond de functionalisatie van PLA  
 
Hoewel het buiten de mensen in mijn ‘wetenschappelijke kring’ onmogelijk was geweest om deze 
thesis tot een goed einde te brengen, zijn er nog een heleboel anderen die zeker ook een dikke 
dankjewel verdienen. Ook zonder hen zou ik de eindmeet niet gehaald hebben. In de voorbije jaren 
werd me vaak gevraagd “Hoe gaat het met je doctoraat?”, “Waar ging je thesis weer over?” of “Heb 
je al iets ontdekt?” en kwamen er steunende woorden als “Nog even doorzetten, je bent er bijna”. 
Bedankt aan al mijn vrienden en (schoon)familie voor de interesse en de aanmoedigingen, voor de 
gezellige avonden uit, de uitstapjes, de babbels, de familiebijeenkomsten op zondag.   
 
Een dikke merci aan mijn ouders, zus, broer, schoonbroer en schoonzus en alle kleine pagadders die 
daarbij horen. Elke vrijdagavond kijk ik uit naar onze spaghetti-avond waar iedereen gewoon zichzelf 
kan zijn. Hoewel het vaak een drukte van jewelste is, was het voor mij tijdens mijn thesis en is het nu 
nog steeds een rustpunt in de week. Back to reality, terug naar de dingen die écht van belang zijn. 
Mama, papa, dank je om me te blijven aanmoedigen en me de kans te geven om deze weg in te 
slaan. 
 
Zoals ze zeggen: save the best for last. Als allerlaatste wil ik graag nog even de tijd nemen om de 
belangrijkste persoon in mijn leven te bedanken. Je hebt elke stap van mijn doctoraat meegemaakt 
en was steeds mijn rots in de branding. Je geduld werd vaak op de proef gesteld, maar steeds kon ik 
bij je terecht voor veel begrip, steun, een dikke knuffel. Tijdens de laatste maanden nam jij meer 
taakjes over zodat ik me kon concentreren op mijn thesis. Dat ik met jou een winnend lot uit de 
loterij heb gewonnen, daar ben ik van overtuigd. Kurt, mijn liefje, piefje, poepie, met jou aan mijn zij 
kan ik alles aan. Bedankt voor alles! 
 
Sanne  
 
  
 
Table of Content 
i 
 
 
Table of Content 
List of Abbreviations ............................................................................................................................... vii 
Chapter 1: General Introduction, Aim and Outline ........................................................................... 1 
1.1 General Introduction and aim ..................................................................................................... 1 
1.2 Outline ......................................................................................................................................... 2 
References ............................................................................................................................................... 3 
Chapter 2: Theoretical Description ................................................................................................... 7 
2.1 Biosourced polymers ................................................................................................................... 7 
2.1.1 Introduction  and definition ................................................................................................ 7 
2.1.2 Renewable resources as raw materials for polymers ......................................................... 9 
2.1.2.1 Natural polymers and derivatives ................................................................................... 9 
2.1.2.2 Polyhydroxyalkanoates.................................................................................................. 10 
2.1.2.3 Polymers produced using monomer from fermentation processes ............................. 10 
2.1.3 Conclusion ......................................................................................................................... 15 
2.2 Segmented polymer structures and their functions ................................................................. 15 
2.2.1 AB block copolymers ......................................................................................................... 16 
2.2.2 ABA block copolymers ....................................................................................................... 17 
2.2.3 Graft copolymers ............................................................................................................... 18 
2.2.4 Other segmented polymer structures ............................................................................... 19 
2.3 Synthesis of segmented polymer structures ............................................................................. 19 
2.3.1 Introduction ....................................................................................................................... 19 
2.3.2 Controlled Radical Polymerization .................................................................................... 20 
2.3.2.1 Introduction ................................................................................................................... 20 
2.3.2.2 RAFT Polymerization...................................................................................................... 21 
2.3.3 Polyesters: different synthetic pathways .......................................................................... 25 
Table of Content   
 
 
 
2.3.4 Acyclic Diene Metathesis polymerization ......................................................................... 27 
2.3.5 Click reactions .................................................................................................................... 31 
2.3.6 Synthetic pathway to obtain segmented polymer structures ........................................... 36 
2.4 Segmented structures from renewable resources .................................................................... 40 
2.4.1 AB block copolymers ......................................................................................................... 40 
2.4.2 ABA triblock copolymers ................................................................................................... 42 
2.4.3 Graft Copolymers .............................................................................................................. 43 
References ............................................................................................................................................. 45 
Chapter 3: Synthesis of amphiphilic block copolymers based on bio-based acrylates ................... 53 
3.1 Introduction ............................................................................................................................... 53 
3.2 Bio-based acrylates and their polymerizations ......................................................................... 55 
3.2.1 Introduction ....................................................................................................................... 55 
3.2.2 Synthesis of the RAFT-agent .............................................................................................. 56 
3.2.3 Acrylic acid and 1- ethoxyethyl Acrylate ........................................................................... 59 
3.2.4 Itaconic acid and derivatives ............................................................................................. 61 
3.2.4.1 Introduction ................................................................................................................... 61 
3.2.4.2 Controlled radical polymerization of itaconic acid ........................................................ 63 
3.2.4.3 Protection of itaconic acid and subsequent polymerization ......................................... 65 
3.2.5 Lauryl acrylate ................................................................................................................... 68 
3.3 Synthesis of amphiphilic AB structures from bio-acrylates ....................................................... 68 
3.3.1 Synthesis RAFT-agent ........................................................................................................ 68 
3.3.2 Synthesis of block copolymers .......................................................................................... 70 
3.3.2.1 Synthesis poly(lauryl acrylate) ....................................................................................... 71 
a THF-GPC ....................................................................................................................................... 72 
3.3.2.2 Chain extension with 1-ethoxyethyl acrylate ................................................................ 72 
3.3.2.3 Conversion to amphiphilic structure and DLS measurements ...................................... 73 
Table of Content 
 
iii 
 
3.4 Conclusion and outlook ............................................................................................................. 75 
3.5 Experimental section ................................................................................................................. 76 
3.5.1 Materials ............................................................................................................................ 76 
3.5.2 Characterization ................................................................................................................ 76 
3.5.3 Synthesis ............................................................................................................................ 77 
3.5.3.1 Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) ...... 77 
3.5.3.2 Synthesis of 2-{((butylsulfanyl)carbonothioyl)sulfanyl}propanoic acid (BuPAT)........... 77 
3.5.3.3 Synthesis of 1-ethoxyethyl acrylate .............................................................................. 78 
3.5.3.5 Synthesis of benzyl-BuPAT ............................................................................................ 78 
3.5.3.6 RAFT polymerization of lauryl acrylate.......................................................................... 78 
3.5.3.7 RAFT polymerization of itaconic acid ............................................................................ 79 
3.5.3.8 RAFT-polymerizations .................................................................................................... 79 
3.5.3.9 Deprotection of the poly(ethoxyethyl acrylate) block .................................................. 79 
References ............................................................................................................................................. 80 
Chapter 4: ABA triblock copolymers by combining ADMET and RAFT ............................................ 85 
4.1 Introduction ............................................................................................................................... 85 
4.2 Synthesis of hydrophobic middle block via ADMET .................................................................. 88 
4.2.1 Synthesis of bifunctional monomer (M1) .......................................................................... 88 
4.2.2 Synthesis of functional chain stopper (M2) ...................................................................... 89 
4.2.3 Synthesis of CTA end functionalized polyester (P1) .......................................................... 92 
4.2.4 Synthesis of CTA-end functionalized polyester: optimizing the parameters .................... 94 
4.2.4.1 Changing the catalyst .................................................................................................... 94 
4.2.4.2 Viscosity ......................................................................................................................... 94 
4.2.4.3 Interaction of RAFT-function with catalyst .................................................................... 95 
4.2.4.4 Sequential catalyst addition .......................................................................................... 97 
4.3 Chain extension using RAFT (P2) ............................................................................................... 99 
Table of Content   
 
 
 
4.4 Preparation of amphiphilic triblock copolymers (P3) .............................................................. 101 
4.5 Conclusion ............................................................................................................................... 102 
4.6 Experimental section ............................................................................................................... 103 
4.6.1 Material ........................................................................................................................... 103 
4.6.2 Characterization .............................................................................................................. 103 
4.6.3 Synthesis .......................................................................................................................... 104 
4.6.3.1 Synthesis UND-RAFT (M3) ........................................................................................... 104 
4.6.3.2 Synthesis Macro-RAFT agent (P1) ............................................................................... 104 
4.6.3.3 Synthesis Macro-RAFT (P2), sequential catalyst addition ........................................... 105 
4.6.3.4 Chain extension from Macro-RAFT (P3) ...................................................................... 105 
4.6.3.5 Deprotection of pEEA outer segments ........................................................................ 105 
References ........................................................................................................................................... 106 
Chapter 5: Synthesis of graft copolymers using the grafting onto strategy ................................. 109 
5.1 Introduction ............................................................................................................................. 109 
5.2 Synthesis of a hydrophobic polymer backbone ...................................................................... 111 
5.2.1 Synthesis of functionalized monomers ........................................................................... 111 
5.2.1.1 Functionalized diols ..................................................................................................... 113 
5.2.1.2 Functionalized α-hydroxy acid..................................................................................... 115 
5.2.2 Synthesis of functionalized hydrophobic polyesters ....................................................... 115 
5.2.2.1 Polyesters starting from diols and diacids ................................................................... 115 
5.2.2.2 Polyesters starting from α-hydroxy acids .................................................................... 118 
5.3 Synthesis of thiol-containing poly(acrylic acid) ....................................................................... 120 
5.3.1 Synthesis of poly(ethoxyethyl acrylate) with RAFT ......................................................... 120 
5.3.2 Conversion of trithiocarbonate into thiol via aminolysis ................................................ 121 
5.4 Preparation of amphiphilic graft copolymers ......................................................................... 122 
5.4.1 Grafting small molecules onto backbone ........................................................................ 122 
Table of Content 
 
v 
 
5.4.1.1 Coupling reaction using thiol-ene ............................................................................... 122 
5.4.1.2 Analysis of hydrophobicity .......................................................................................... 124 
5.4.2 Synthesis of amphiphilic graft copolymers...................................................................... 125 
5.4.2.1 Using UV-irradiation .................................................................................................... 126 
5.4.2.2 Using thermal initiation ............................................................................................... 126 
5.5 Conclusion ............................................................................................................................... 128 
5.6 Experimental section ............................................................................................................... 130 
5.6.1 Material ........................................................................................................................... 130 
5.6.2 Characterization .............................................................................................................. 130 
5.6.3 Synthesis .......................................................................................................................... 131 
5.6.3.1 Synthesis of 2-methyl-2-propargyl-1,3-propanediol (MPPD) ...................................... 131 
5.6.3.2 Synthesis of 2-methyl-2-allyl-1,3-propanediol ............................................................ 132 
5.6.3.3 Synthesis of 2,2-dipropargyl-1,3-propanediol ............................................................. 132 
5.6.3.4 Synthesis of 2-hydroxy-3-butenoic acid ...................................................................... 132 
5.6.3.5 Polyester synthesis using diacids and diols ................................................................. 132 
5.6.3.6 Synthesis of functionalized PLA ................................................................................... 133 
5.6.3.7 Aminolysis of poly(EEA) ............................................................................................... 133 
5.6.3.8 Functionalization of the PLA with thiol-ene chemistry ............................................... 133 
5.6.3.9 Synthesis of graft copolymers ..................................................................................... 134 
References ........................................................................................................................................... 135 
Chapter 6: Synthesis of amphiphilic graft copolymers using the grafting from strategy ............. 139 
6.1 Introduction ............................................................................................................................. 139 
6.2 Synthesis of the hydrophobic polymer backbone ................................................................... 140 
6.2.1 Synthesis of the epoxidized fatty acid monomer ............................................................ 141 
6.2.2 Synthesis of the hydrophobic polyester backbone ......................................................... 142 
6.3 Synthesis of the Macro-RAFT agent ........................................................................................ 144 
Table of Content   
 
 
 
6.4 Grafting 1-ethoxyethyl acrylate from the backbone ............................................................... 147 
6.5 Preparation of amphiphilic graft copolymers ......................................................................... 151 
6.6 Testing the amphiphilic character ........................................................................................... 151 
6.6.1 Dynamic light scattering .................................................................................................. 151 
6.6.2 Emulsion stability test ..................................................................................................... 152 
6.7 Conclusion ............................................................................................................................... 153 
6.8 Experimental section ............................................................................................................... 154 
6.8.1 Material ........................................................................................................................... 154 
6.8.2 Characterization .............................................................................................................. 154 
6.8.3 Synthesis .......................................................................................................................... 155 
6.8.3.1 Synthesis of the hydrophobic backbone (P1) .............................................................. 155 
6.8.3.2 Macro-RAFT agent (P2)................................................................................................ 156 
6.8.3.3 Synthesis of graft copolymer (P3) ............................................................................... 156 
6.8.3.4 Deprotection of the grafts (P4) ................................................................................... 156 
References ........................................................................................................................................... 157 
Chapter 7: Summary and Conclusion ............................................................................................ 159 
Perspective .......................................................................................................................................... 161 
References ........................................................................................................................................... 162 
Chapter 8: Nederlandstalige samenvatting................................................................................... 165 
Referenties .......................................................................................................................................... 169 
List of Publications ............................................................................................................................... 171 
 
 
  List of Abbreviations 
 
vii 
 
List of Abbreviations 
Ð  Dispersity index 
AA  Acrylic Acid 
AdA  Adipic Acid 
ADMET  Acyclic Diene Metathesis polymerization 
AIBN   Azobisisobutyronitrile 
ATRP  Atom Transfer Radical Polymerization 
ATNRC  Atom transfer nitroxide radical coupling 
BDO  1,4-Butanediol 
BM  Benzyl Mercaptan 
Bp  Boiling point 
BuPAT  2-((butylsulfanyl)-carbonothioyl)sulfanylpropanoic acid 
CRP  Controlled Radical Polymerization 
CTA  Chain Transfer Agent 
DCC   N,N′-Dicyclohexylcarbodiimide 
DCU  Dicyclohexylurea 
DDMAT 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid  
DLS  Dynamic Light Scattering 
DMAP  4-(Dimethylamino)pyridine  
DMF  DiMethyl Formamide 
List of Abbreviations 
 
 
DP  Degree of Polymerization 
DPPD  2,2-dipropargyl-1,3-propanediol 
EEA  1-EthoxyEthyl Acrylate 
EO  Ethylene Oxide 
FA  Fumaric Acid 
IA  Itaconic Acid 
LA  Lauryl Acrylate 
Mn  Number average molecular weight 
MAPD  2-Methyl-2-allyl-1,3-propanediol 
MPPD  2-Methyl-2-propargyl-1,3-propanediol 
MVG  Methyl Vinyl Glycolate 
MW  Molecular Weight 
NMP  Nitroxide Mediated Polymerization 
PBAd  Poly(butylene adipate) 
PBS  Poly(butylene succinate) 
PE  Poly(ethylene) 
PHA  Polyhydroxyalkanoates 
P3HB  Poly(3-hydroxybutyrate) 
PLA  Poly(lactic acid) 
PMMA  Poly(methyl methacrylate) 
  List of Abbreviations 
    
ix 
 
PO  Propylene Oxide 
PS  Poly(styrene) 
P(t-BA)  Poly(tert-butyl acrylate) 
RAFT  Reversible Addition-Fragmentation chain Transfer 
ROP  Ring-opening polymerization 
SBS  Styrene-butadiene-styrene copolymer 
SEC  Size Exclusion Chromatography 
SGP  Step Growth Polymerization 
TBT  Tetrabutoxytitanium 
Tg  Glass transition temperature 
TG  1-Thioglycerol 
TGA  Thermogravimetric Analysis 
THF  Tetrahydrofuran 
Tm  Melting temperature 
TPE  Thermoplastic Elastomer 
TPPB  Tetraphenylphosphonium bromide 
V40  1,1’-azobis(cyclohexane-1-carbonitrile) 
VG  Vinyl Glycolic acid 
 1 
 
Chapter 1: General Introduction, Aim 
and Outline 
 
 
 
 
1.1 General Introduction and aim 
Plastics have become an essential part of our modern life. You can find them in everyday life, with 
visible applications in packaging, building and construction materials and electrical devices. On the 
other hand, also in less conventional applications, such as the medical field, polymers are enabling 
major breakthroughs. 
However, due to the depletion of the fossil resources, the expansion of the polymer industry has 
been challenged. Furthermore, governments’, industries’ and publics’ awareness increases when it 
comes to sustainability of products.[1-3] As a result of this, the interest in the development of “green” 
plastics derived from renewable resources increases.[4-5] Nowadays there are already a limited 
number of commercial successes in the bio-based polymer market such as poly(lactic acid) and 
polyethylene derived from bio-sourced ethanol. However, bio-based polymers still hold only a tiny 
fraction of the global plastics market, with a  volume that accounts for less than 1% of the total 
market.[6] 
If we look more closely to the commercial examples, mostly linear homopolymers are produced as 
bulk materials. On the other hand, in almost every application, different additives are needed to 
obtain the desired properties. In this context, also the design of polymer additives based on 
renewable resources is gaining much interest from the viewpoint of the ‘cradle to cradle’ concept. 
Such additives are often segmented polymer structures that are playing a key role as surfactant, 
dispersant or compatibilizer in applications such as construction, car industry, cosmetics and medical 
sector. Thanks to the development of different polymerization techniques such as anionic 
Chapter 1 
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polymerization and controlled radical polymerization techniques, different segmented polymer 
structures are accessible that display the desired characteristics.  
The goal of this PhD research was to synthesize segmented polymer structures made from renewable 
components, that can potentially be used as polymer additive. Different types of segmented 
structures will be targeted, using a variety of monomers and different polymerization techniques. 
The obtained structures will be tested on their dispersant or surfactant properties.  
1.2 Outline 
Chapter 2 gives a theoretical background on the major topics addressed in this research. The chapter 
starts with an overview of the present available biopolymers. Next, an introduction about the 
different types of segmented polymer structures and which functions they can fulfill is presented. In 
the following part, the synthesis of these structures is addressed. This part includes the description of 
step-growth polymerizations, Acyclic Diene Methathesis polymerization and controlled radical 
polymerisation techniques, more particularly RAFT polymerization. Also, different types of efficient 
linking reactions for modification of polymer backbones are discussed. The chapter ends with a closer 
look onto the examples of bio-based segmented polymer structures that are already produced and 
the way they are synthesized. 
In chapter 3, a survey is conducted to find suitable bio-based acrylates that can be polymerized by 
RAFT. Both hydrophilic as well as hydrophobic acrylates are tested. After finding the right monomers 
and optimal reaction conditions, the bio-acrylates are combined to produce amphiphilic block 
copolymers by sequential monomer addition. Different block copolymers are synthesized with 
different molecular weights after which the block copolymers are tested on their ability to self-
assemble in water.  
In Chapter 4, a different type of segmented polymer structure is synthesized, namely ABA triblock 
copolymers, where two polymerization processes, Acyclic Diene Metathesis reaction (ADMET) and 
Reversible Addition Fragmentation chain Transfer polymerization (RAFT) are combined for the first 
time to our knowledge. The process starts with the synthesis and modification of suitable chemicals: 
an α,ω-diene containing ester building block was synthesized from 10-undecenoic acid while a well-
known RAFT-agent was modified to let it react in an ADMET polymerization process. The obtained 
symmetric polyester, possessing trithiocarbonate moieties at each chain end, is subsequently used as 
General Introduction, Aim and Outline 
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a macro chain transfer agent (CTA) in a chain extension reaction via RAFT polymerization to obtain 
ABA triblock copolymers. The amphiphilic character of those triblock copolymers were studied with 
micelle formation tests, measured with dynamic light scattering. 
Chapter 5 reports on the synthesis of amphiphilic graft copolymers using the thiol-ene/-yne reaction 
in a “grafting onto” method. Different functionalized monomers are prepared and used in a step-
growth polymerization to obtain a functionalized hydrophobic polyester backbone. This backbone is 
firstly modified with low molecular weight compounds, to alter the properties of the obtained 
polymer, such as the hydrophobicity. In a next phase, the thiol-ene /-yne reaction is tested for the 
reaction between the functionalized polymer backbone with end functionalized polymeric grafts. 
Different parameters are tested to find the optimal reaction conditions to  produce graft copolymers 
using this grafting onto method.  
Chapter 6 presents the synthesis of amphiphilic graft copolymers that are synthesized via a “grafting 
from” strategy. A linear hydroxyl functionalized aliphatic polyester is transformed into a macro-RAFT 
agent by replacing the hydroxyl groups into trithiocarbonate side groups. The renewability in this 
case was introduced in the polyester by the use of a fatty acid derived monomer. This macro-RAFT 
agent is then used in different RAFT polymerizations, thus forming the graft copolymers. To study the 
amphiphilic character of these graft copolymers, micelle formation tests were carried out and 
measured with dynamic light scattering, while emulsifying properties were studied via an emulsion 
stabilization test. 
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Chapter 2: Theoretical Description 
 
 
 
 
 
2.1 Biosourced polymers 
2.1.1 Introduction  and definition 
Plastics have become an essential part of our modern life. The most visible applications of plastics 
includes packaging, building/construction and electrical devices. But also in the medical field for 
example, these materials are enabling major breakthroughs. The first man-made semi-synthetic 
plastic was reported in 1862, and was a cellulose-based product called Parkesine (celluloid, ‘synthetic 
ivory’).[1] By the second half of the 20th century, plastics had become one of the most universally used 
and multi-purpose materials in the global economy, with a yearly expansion of 8.7% from 1950 to 
2012.[2] However, this expansion of the industry has lately been challenged due to different reasons, 
namely the decrease in fossil resources, particularly petrol and natural gas are likely to start 
dwindling within one or two generations and furthermore governments’, industries’ and publics’ 
awareness increases when it comes to sustainability of products.[3-4] That is why one of the most 
pressing issues for future generations, as proposed by Europe’s council, is the development of a 
sustainable society by 2050.[5] Due to the environmental concerns, along with the depleting oil 
reserves, interest increases in the development of “green” plastics derived from renewable 
resources.[6] 
In polymer science, one way to divide the different types of polymers is based on their source of raw 
material and their ability to biodegrade. In this way, four major polymer groups are obtained (Figure 
2.1).[7] Three of the four classes of polymers have been referred to as biopolymers. As this name 
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refers to both biosourced and/or biodegradable polymers, it is in fact too broad. Because this 
research focuses on polymers from renewable resources and thus not on biodegradability, the word 
biopolymer will be replaced by “bio-based”, “bioderived” or “biosourced” polymer further on.  
 
Figure 2.1: The four major polymer groups based on their raw materials and their ability to biodegrade.[7] 
 
There are three main ways to produce bio-based polymers using renewable resources, which are 
listed below and will be discussed in detail in the next section:[8] 
1. Using natural bio-based polymers with partial modification to meet the requirements (e.g. 
lignin, (hemi)cellulose, chitine) 
2. Producing bio-based monomers by fermentation/conventional chemistry, followed by a 
classic polymerization (e.g. poly(lactic acid), poly(butylene succinate), polyethylene) 
3. Producing bio-based polymers directly by bacteria (e.g. polyhydroxyalkanoates) 
At this moment, bio-based polymers still hold only a tiny fraction of the global plastics market, with a  
volume that accounts for less than 1% of the total market but a significant increase is predicted over 
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the next decades.[8] In the next paragraph an overview of bio-based polymers, made from renewable 
resources and natural polymers derived from plant and animal origin, is presented.  
2.1.2 Renewable resources as raw materials for polymers 
2.1.2.1 Natural polymers and derivatives 
Starch 
Starch is a highly abundant polysaccharide and is found in agricultural plants like corn, potatoes and 
rice. It consists of linear amylose (α(1→4) linked glucose molecules) and highly branched amylopectin 
(amylose backbone with α(1→6) linked branches). Depending on the source of starch, the relative 
amounts of both components differ, which affects the final properties of the material. The largest 
markets in the European Union which uses starch are the paper, cardboard, textile and adhesive 
industries.[9]  
Thermoplastic starch is of growing interest in the industry, however, starch and starch thermoplastics 
degrade rapidly, have a minimal moisture resistance and suffer from the retrogradation 
phenomenon. This means that crystallinity increases over time, leading to an increased brittleness. 
The use of plasticizers in these polymers is necessary to retain the desired properties. Furthermore, 
the use of blends or chemical modifications can also overcome these problems, creating bio-based 
and biodegradable polymers with flexibility, mechanical strength and water barrier properties that 
are required in commercial packaging and consumer products.[8] 
Cellulose 
Cellulose is the predominant constituent of cell walls in all plants and consists of D-glucose units 
connected by β(1→4) bonds. Cellulose as a chemical raw material has already been used for about 
150 years. For example, the synthesis of celluloid (cellulose nitrate with camphor used as plasticizer), 
was performed by the Hyatt Manufacturing Company in 1870.[10] The chemical modification of the 
hydroxyl functions in each repeating unit offers routes to different polymers with various 
applications. There are three main groups of cellulosic polymers[8]: (I) cellulose esters, like cellulose 
acetate and – nitrate that are mostly used in film and fiber applications, (II) cellulose ethers, such as 
carboxymethyl cellulose and hydroxyethyl cellulose with applications in construction, 
pharmaceuticals and paints and (III) regenerated cellulose, the largest bio-based polymer produced 
globally and used in textiles, home furnishing fabrics and hygienic disposables.  
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The best known example of regenerated cellulose is cellophane. For its production, cellulose is first 
treated with aqueous sodium hydroxide and carbon disulfide forming the viscose fiber. This fiber can 
be used as such in the production of clothing, or can further be treated with an acid to form 
cellophane. In this last step, the viscose is converted into regenerated cellulose, which can form a 
transparent film that is often used in food packaging.[11]      
2.1.2.2 Polyhydroxyalkanoates 
Polyhydroxyalkanoates (PHA’s) are linear polyesters produced by microorganisms in response to 
conditions of physiological stress. They accumulate in intracellular granules under conditions of 
nutrient limitation other than the carbon source and are used by the microorganisms as a form of 
energy storage molecule to be metabolized when other common energy sources are not available.[12] 
Poly(3-hydroxybutyrate) (P(3HB)) was first discovered in 1925 by Lemoigne et al. and is now the most 
widespread and best characterized member of the group.[13] However, while the homopolymer of 
P(3HB) is a brittle material with limited applications, the incorporation of a second monomer can 
significantly enhance its useful properties (Figure 2.2).[14] 
 
Figure 2.2: Chemical structure of poly(3-hydroxybutyrate) (left) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
(right). 
 
PHA’s can be used for many applications, including packaging, paper coatings and nonwoven fabrics. 
Already some companies are producing PHA on an industrial scale using fermentation processes, 
including Biomer Biotechnology Co., Germany; PHB Industrial, Brazil; Mitsubishi Gas Chemical, Japan, 
Tianan Biologic Material, China and Lianyi Biotech, China.[12]  
2.1.2.3 Polymers produced using monomer from fermentation processes 
Besides the natural occurring polymers like starch and lignin or polymers produced by 
microorganisms, a whole range of bio-polymers can be synthesized using the conventional 
polymerization methods. Here the aspect of renewability comes from the way the monomers are 
synthesized. Biological resources like starch, cellulose, fatty acids, sugars, proteins and others can be 
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consumed by microorganisms, who convert these raw materials into various monomers suitable for 
polymer production.[15] Some of the best-known examples are listed below. 
Poly(lactic acid) 
A first and well-known example of such a renewable polymer using fermentation processes in one of 
the production steps, is poly(lactic acid) (PLA), a biodegradable thermoplastic aliphatic polyester. The 
monomer, lactic acid, is a α-hydroxy acid which can be obtained via bacterial fermentation from 
starch or sugars. Depending on the microbial strain used, D- or L-lactic acid is produced. PLA can be 
synthesized directly from lactic acid by a polycondensation reaction, or by ring-opening 
polymerization of the lactide monomer (Figure 2.3).[8] The stereochemical composition of lactide 
monomers (D-, L-, or meso- lactide) determines the final properties of the polymer, with a significant 
effect on the melting point, crystallization rate, extent of crystallization and mechanical properties. 
For example, isotactic poly(L-lactide) (PLLA) is a semicrystalline polymer with a melting transition 
near 180 °C, while atactic poly-(rac-LA) (rac-LA is a 1:1 mixture of L-lactide and D-lactide) and 
poly(meso-lactide) are amorphous polymers.[15]  
 
Figure 2.3: Synthesis of poly(lactic acid) via ring-opening polymerization or direct polycondensation. 
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PLA has, besides the renewability of the polymer, many other advantages including its 
biodegradability, recyclability, and compostability. Also, it is biocompatible, i.e. it can be used in 
biomedical applications and it can be processed in injection molding, film extrusion, blow molding, 
thermoforming, fiber spinning, and film forming. However, some of the disadvantages of the polymer 
limit its use in certain applications. For example, PLA has no reactive side groups, making 
modifications very difficult. Also, due to its hydrophobic character it degrades at a slow rate. 
Moreover it is a very brittle material where the poor toughness limits its use in applications that need 
plastic deformation at higher stress levels.[16] 
Although the polymer has some disadvantages, it is already widely used in many day-to-day 
applications, such as food packaging, textile industry and biomedical implants for growing living 
cells.[8] Currently, Nature Works LLC, USA is the major supplier of PLA with a production capacity over 
140,000 ton/year. 
Poly(butylene succinate) 
Poly(butylene succinate) (PBS), another bio-based aliphatic polyester, is produced by the 
polycondensation reaction between succinic acid and 1,4-butanediol (Figure 2.4).  
Figure 2.4: Synthesis of poly(butylene succinate) via the polycondensation reaction of 1,4-butanediol and 
succinic acid. 
 
Although both monomers can be derived from petroleum-based systems, fermentation routes 
become more and more popular due to the advantages linked to the process. The most obvious one 
is the use of renewable resources instead of fossil fuels, but also the consumption of less energy 
during the process is a convincing factor.[8] Already different companies, like DSM, Roquette, BASF 
and Mitsubishi Japan are trying to industrialize the production of bio-based succinic acid.[15, 17] The 
production of 1,4-butanediol is still mostly based on petrochemical processes, however routes to 
synthesize it from bio-succinic acid are explored.  
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PBS is a commercial thermoplastic polyester with good manufacturing properties, flexibility and 
tenacity and it is used in agriculture, fishery, forestry and construction. Like PLA, it is biodegradable 
and the properties can be altered by copolymerization with other monomers like adipic acid and 
sebacic acid. The industrial synthesis and usage of PBS dates from 1991 in the company Showa Denko 
under the trade name Bionolle®.[18] To this day, Showa Denko is one of the global producers of 
PBS.[19]  
Bio-polyethylene 
When considering the examples of bio-based polymers using at least one monomer from 
fermentation processes, the majority appears to be polyesters. Aside from these, also renewable 
alternatives for commodity plastics are available. Although the synthesis of poly(ethylene) (PE) today 
is based on fossil resources, the concept of producing PE from bio-ethanol is not a particularly new 
one as it was already used in the 1980’s by Braskem. However, the limitations of fermentation back 
then, combined with the low oil prices made the technology unattractive.[20] Nowadays microbial 
ethanol is produced at multimillion ton scale as biofuel. This bio-ethanol can be catalytically 
dehydrated into ethylene, which act as a monomer for the PE synthesis. This is called a ‘drop-in’ 
strategy: only the source of the ethylene is changed, but the rest of the production line remains the 
same. That is why bio-PE has exactly the same chemical, physical and mechanical properties as 
conventional PE.  
Other examples  
Besides the examples given in the previous paragraphs, other renewable building blocks obtained 
from a fermentation process can be found. A very versatile compound, obtained from the 
fermentation of glycerol, is 3-hydroxypropionic acid.[21-22] This monomer can be polymerized as such, 
giving rise to poly(3-hydroxypropionic acid)[23-24] or it can be used as the starting material in the 
synthesis of different other useful building blocks (Figure 2.5).[25] 
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Figure 2.5: 3-Hydroxypropionic acid as a precursor for different monomers[25] 
 
Two other already industrially implemented bio-derived monomers are acrylic acid and itaconic acid. 
Acrylic acid can be produced from 3-hydroxypropionic acid as shown in Figure 2.5 and is often used 
as such for the production of poly(acrylic acid) that finds its applications as dispersant, flocculating 
agent, …[26] Itaconic acid on the other hand is synthesized via a fermentation process using for 
example sugars, molasses or starch as the starting material. Since this monomer contains both an 
acrylate functionality and two carboxylic acid groups, it can be used in different types of 
polymerization methods. In some cases, itaconic acid is used as a dicarboxylic acid in the synthesis of 
polyesters, where the double bond is used to modify the polymer.[27-28] In other cases, the acrylate 
functionality is used in a radical polymerization to prepare a polyacrylate, which has two acid 
functionalities per building block, making it a hydrophilic renewable polyacrylate. This latter example 
is already industrial implemented by the company Itaconix, which produces different products based 
on poly(itaconic acid), used as surface active compounds in different applications.[29]  For more 
detailed information on the use of itaconic acid and acrylic acid in polymer chemistry, the reader is 
referred to chapter 3. 
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2.1.3 Conclusion 
As can be observed from previous paragraphs, quite some efforts have been taken to produce 
polymers from renewable resources. Here, different classes of bio-based polymers were pointed out, 
ranging from polymers made by nature to human-made polymers starting from renewable building 
blocks. However, if we look more closely to the examples, mostly linear homopolymers are produced 
that have applications in packaging, textile industry and other bulk materials.  
On the other hand, in almost every application, different additives are needed to obtain the desired 
properties. These additives are often based on segmented polymer structures and are nowadays still 
based on fossil fuels. This PhD research will focus on the synthetic strategies for bio-based additives. 
The following section therefore discusses different polymer structures with their potential 
applications. In section 2.3 the synthesis of these structures will be depicted while in section 2.4 
some examples of renewable segmented structures are considered.  
2.2 Segmented polymer structures and their functions 
Traditionally, the synthesis of polymers mostly results in linear polymers, which find their use in bulk 
materials. Thanks to the development of different other polymerization techniques such as anionic 
polymerization and controlled radical polymerization (CRP) techniques, a variety of other polymer 
structures with useful characteristics have become accessible. Indeed, methods such as CRP offer a 
variety of advantages such as narrow dispersity, high end group fidelity and control of molecular 
weight. Also, since the introduction of these polymerization techniques, different new polymer 
structures became accessible by means of consecutive polymerizations, the use of bifunctional 
initiators, etc. As a result, a whole new library of structures became available such as block 
copolymers or other segmented polymer structures. These structures all have one thing in common: 
they are build up from different polymer segments.  
These new types of segmented polymer structures showed interesting properties that were not 
found in the bulk materials that were produced up to then. Often, these properties result from the 
immiscibility of the different polymers used. As a result of phase separation on the microscale, 
different domains are formed, which affects the final properties of the material. By changing the 
molecular weight, chemical structure, architecture, and composition, the properties of these 
domains can be altered and therefore also the properties of the final product.[30] In the following 
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section, different structures will be highlighted (Figure 2.6) and applications of the structures will be 
discussed. For the preparation of all those structures, the reader is referred to section 2.3.6. 
 
Figure 2.6: Different types of segmented polymer structures. 
 
2.2.1 AB block copolymers 
AB block copolymers consist of two chemically distinct polymer fragments that are covalently bound 
together to form a larger, more complex macromolecule. The polymer segments are often 
immiscible whereby phase separation is induced. When block copolymers are dissolved in liquids that 
are solvents for one block, but a non-solvent for the other, the copolymers usually self-associate in 
spherical micelles. The insoluble segments form the core while the soluble segments form the shell 
of the micelles.[30] This phenomenon can be used in different applications, such as the encapsulation 
and specific delivery of compounds, the stabilization of emulsions or solubilizing pigments in paints.  
Furthermore, when the structures are in the bulk phase, self-assembly of the structures into periodic 
ordered microstructures is possible. By changing the molecular weight, chemical nature and 
composition of the copolymer, different types of ordering can be achieved. These patterns can be 
used in for example nanopatterning but also in electronic and magnetic applications. The different 
synthetic pathways to obtain these structures are described in section 2.3.6. 
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2.2.2 ABA block copolymers 
The most popular application of triblock copolymers is their use as thermoplastic elastomers (TPE). 
Although the first TPEs were based on polyurethanes consisting of linear, not well-defined multiblock 
structures, the best known example of TPE consisting of a triblock copolymer, was introduced in 
1965 by Shell, that produced styrene-butadiene-styrene (SBS) and styrene-isoprene-styrene rubbers 
under the trade name Kraton.[31] These structures are made by anionic polymerization where a 
typical composition is two outer polystyrene blocks with a molecular weight (MW) of 10 – 20 000 
g/mol (20-40 wt %) and a central diene block of MW 40 – 100 000 g/mol.[32] These structures show 
remarkable properties: at room temperature they behave as chemically crosslinked elastomers, but 
at elevated temperatures their properties change to that of thermoplastics. This has several 
advantages, for example, at higher temperatures they can flow and as such be processed on 
conventional melt-processing equipment and after their use, they can be reused, unlike vulcanized 
rubber.[30] This peculiar behavior arises from the phase separation of the different blocks. The outer 
blocks are hard polymers that do not flow at room temperature (glass transition (Tg) or melting 
temperature (Tm) > room temperature), which act as crosslinker for the inner flexible segment (Tg or 
Tm < room temperature) (Figure 2.77).  
 
Figure 2.7: Schematic representation of a thermoplastic elastomer. 
Although triblock copolymers are often used as TPEs, other application domains are known and 
already some structures are commercially available. Block copolymers based on ethylene oxide (EO) 
and propylene oxide (PO) in a triblock structure PEO-b-PPO-b-PEO are commercialized by BASF under 
the name Pluronics®. This structure is composed of a central hydrophobic chain (PPO) and flanked by 
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two hydrophilic segments (PEO), thus forming an amphiphilic structure. By changing the length of the 
blocks, different compositions are found, which changes the properties and therefore also the 
possible applications. Pluronics® can be used as antifoaming agents, wetting agents, dispersants, 
thickeners, and emulsifiers.[33] Furthermore, as a result of the biocompatibility of PEO, different 
biomedical applications are within reach.[30, 34-35] 
Another example of possible applications of ABA triblock copolymers is their use as compatibilizer. 
When different polymer types need to be blended, compatibilizers are used. Blending polymers is an 
efficient way for generating new polymeric materials that combine the properties of its components. 
However, the majority of polymer pairs are incompatible and phase separate. The addition of 
compatibilizers to these mixtures stabilizes the whole system as one segment of the block copolymer 
is miscible in one polymer phase, while the other block is soluble in the other phase. For example, 
poly(methyl methacrylate)-block-poly(ethylene)-block-poly(methyl methacrylate) triblock 
copolymers were synthesized to stabilize polyethylene / poly(methyl methacrylate) blends.[36]  
2.2.3 Graft copolymers 
Although graft copolymers are not always segmented structures, lots of examples can be found 
where a linear polymer backbone of one composition is connected in a statistical way to polymeric 
side chains composed of a different monomer composition. These branches are chemically 
connected to the backbone through covalent bonds. Although the backbone and grafts are often 
made of homopolymers, examples can be found where copolymers are used. Graft copolymers have 
been prepared for many decades and have been used as impact resistant materials, thermoplastic 
elastomers, compatibilizers or emulsifiers for the preparation of stable blends or alloys.[37] 
When using graft copolymers to stabilize an immiscible blend of polymers, both the backbone and 
grafts can be chosen and synthesized in such a way that the interactions with the blend are 
maximized. Either the same chemical composition of the blend is used as compatibilizer, or 
complementary functional groups are incorporated that favors the interaction with the functional 
groups of the components.[37] An example of the latter strategy is the use of maleic anhydride grafted 
polypropylene as a compatibilizer to improve the dispersability of organoclay in a polypropylene 
matrix.[38] 
Although TPEs are often based on triblock copolymers, it was shown that tetrafunctional multigraft 
copolymers, comprised of a polyisoprene backbone and two polystyrene branches at each branching 
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point show good TPE properties. Here the polymer backbone provides the elasticity needed, while 
the grafts provide the physical crosslinking.[39-41]  
2.2.4 Other segmented polymer structures 
Highly branched polymer architectures have received significant interest for a long time due to their 
compact structure and high end-group functionality.[42-43] These highly branched polymers have many 
interesting physical properties. For example, they generally exhibit unusual solution properties with 
lower viscosities, higher degrees of chain end functionality and different hydrodynamic properties 
than their respective linear polymers of the same molar mass.[44] Applications of such architectures 
are in the field of catalysis, drug delivery and coatings.  
2.3 Synthesis of segmented polymer structures 
 
2.3.1 Introduction 
The earliest steps in polymer science involved modifications of naturally occurring polymers like the 
vulcanization of natural rubber and the synthesis of cellulose-based Parkinsine in 1862. However, the 
development of synthetic polymers started with the invention of Bakelite in 1907: a thermosetting 
phenol formaldehyde resin became the first commercial polymer.[45] Since then polymer science has 
witnessed an exponential increase in new synthetic pathways and polymer classes. In the 1930’s 
both the discovery of polyethylene by Imperial Chemical Industries[46] and the development of 
polyesters and polyamides by Carothers showed that polymers have properties that often surpass 
those of natural materials.[47-48] In the same period, the invention of free radical polymerization to 
synthesize polystyrene meant a huge breakthrough.[49] However, tuning the polymer structure 
remained a problem with a broad molar mass distribution of the end product as a result. 
In 1956 Szwarc reported on the living character of anionic polymerizations.[50] Until then only 
uncontrolled branched or linear (co)polymers were possible to synthesize[51], but through this 
development controlled polymer structures could be obtained. The first structures synthesized were 
block copolymers based on styrene and either isoprene or methyl methacrylate by sequential 
addition of the different monomers.[52] It was observed that tuning the length of each segment was 
possible by controlling the amount of monomer to initiator, resulting in a never before seen control 
of the process. Furthermore, these structures were susceptible to self-assembly in bulk and solution, 
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making more advanced applications in different fields possible. This was in contrast with the earlier 
plastics that had only applications as commodity plastics.  
After the invention of the living character of anionic polymerization, different other polymerization 
techniques were developed. There was a need for alternatives to the very efficient anionic 
polymerization, because although this technique is very efficient, the number of monomers capable 
of undergoing anionic polymerization is limited. Furthermore, the reaction requires precise 
conditions and functional groups are incompatible with the process. With the discovery of different 
controlled radical polymerization techniques (CRP), metathesis reactions, ring opening 
polymerizations (ROP) and the introduction of efficient functionalization techniques, the number and 
diversity in segmented copolymers increased tremendously. 
In what follows, the polymerization and functionalization reactions used in this work are described. 
Although segmented structures can be obtained using only one technique, the combination of 
different methods can also be used to obtain such structures (see 2.3.6).  
2.3.2 Controlled Radical Polymerization 
2.3.2.1 Introduction 
The free radical polymerization technique has some advantages compared to other polymerization 
methods. It has a simple experimental set-up, is tolerant to functional groups, solvents and 
impurities. However, a big disadvantage is the low control over molecular weight and structure of the 
polymer. The use of controlled radical polymerization (CRP) techniques allows the synthesis of well-
defined polymers with a controlled molecular weight, dispersity, composition and structure. During 
polymerizations using a controlled radical polymerization technique, the polymer chains grow at a 
relative constant rate, thereby producing polymer chains with very similar lengths. For CRP methods, 
the molecular weight of the polymers increase linearly with the conversion of the monomer and the 
polymerization rate with respect to the logarithm of the monomer concentration is a linear function 
of time. Different CRP are already established, such as ATRP (Atom Transfer Radical Polymerization), 
NMP (Nitroxide Mediated Polymerization) and RAFT (Reversible Addition-Fragmentation chain 
Transfer).  In this work RAFT is mostly used because this technique does not require metals (ATRP) 
nor high temperatures (NMP), making it the more sustainable technique.  
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2.3.2.2 RAFT Polymerization 
 
Principle 
The RAFT process, first reported in 1998 by Moad, Rizzardo and Thang, makes use of 
thiocarbonylthio compounds as chain transfer agent (CTA) to create a controlled radical 
polymerization system.[53] This CTA is used in the dynamic equilibrium between active and dormant 
species by sequential reversible addition-fragmentation steps (Scheme 2.1). Due to this dynamic 
equilibrium, control over the radical polymerization is achieved. Both substituents (R and Z-group) on 
the chain transfer agent have an impact on the polymerization kinetics and the degree of structural 
control. The Z-group mostly effects the reactivity of the C=S bond, while the R-group is cleaved of 
during first monomer addition to the CTA, yielding a new radical (R.). This radical must be able to 
reinitiate the polymerization by reaction with a monomer, forming a new polymer chain.   
The polymers obtained by RAFT polymerization have a low dispersity, while the polymerization 
shows a linear evolution of the number average molar mass (Mn) with conversion. Furthermore, 
under ambient reaction conditions, the thiocarbonylthio moiety, present in the RAFT-agent, is 
retained in the polymeric product. This feature is an illustration for the controlled character of the 
RAFT process and renders the process suitable for synthesizing block copolymers and end-
functionalized polymers. 
The RAFT polymerization is initiated by a conventional free radical initiator such as 
azobisisobutyronitrile (AIBN), which decomposes and reacts with a monomer to yield a propagating 
polymeric radical (Pn.). The addition of the polymeric radical (Pn.) to the chain transfer agent results in 
a RAFT adduct radical. This species may undergo a fragmentation reaction in either direction, yielding 
the starting compounds or a new radical (R.). The leaving group radical reinitiates polymerization and 
reacts with another monomer starting a new propagating polymeric radical (Pm.). Rapid equilibrium 
between the active propagating radicals (Pm. and Pn.) and the dormant polymeric thiocarbonylthio 
compounds provides an equal probability for all chains to grow and allows the production of 
polymers with well-defined structures and low dispersity indices. When the polymerization is 
complete or stopped, the vast majority of chains retain the thiocarbonylthio end-group and can be 
isolated as stable materials.  
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While living polymerization techniques require a complete absence of irreversible termination and 
transfer reactions, RAFT polymerizations use more or less the same mechanism as the conventional 
free radical polymerization (initiation – propagation – termination). However, by the fast, reversible 
deactivation (addition) – fragmentation steps in the RAFT polymerization, the amount of radicals is 
kept low, thus termination is suppressed and chains are growing with a similar rate. 
 
Scheme 2.1: Mechanism of the RAFT polymerization. 
 
As a result of the high tolerance of the process, different monomers are capable of undergoing 
polymerization by RAFT, including styrene, (meth)acrylates, acrylic acids and a variety of vinylic 
monomers. In addition, different reaction conditions can be applied. The polymerizations can be 
carried out in bulk, organic or aqueous solutions, (mini)emulsion and suspension. Furthermore the 
reaction is compatible with a wide range of functionalities both in the monomer, in the solvent as 
well as in the initiating system and the chain transfer agent.[54] These functionalities include fluorine, 
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carboxylic acid groups, hydroxyl groups, tertiary and quaternary amino groups. However, in the 
presence of either a primary or a secondary amine, the thiocarbonylthio moiety is converted into a 
thiol. This process can result in termination reactions, but this can also be exploited as a post-
polymerization modification reaction to introduce different functionalities through thiol-ene /-yne 
reaction (see also section 2.3.5).  
Besides the conversion of the dithioester end-group into a thiol at the ω-terminus, a wide range of 
functional groups present on the CTA are retained at the end of the polymerization, enabling the 
incorporation of functional endgroups at the α-terminus. This functional group can be used in a post-
polymerization modification reaction, or can be modified to different other functionalities before 
polymerization. Different RAFT-agents are available with a variety of functional groups (e.g. -OH, -
COOH, -N3).[55] 
Macromolecular Engineering 
RAFT polymerizations are successfully applied for the synthesis of different types of segmented 
polymer structures such as block, multiblock and graft copolymers. Even more complex structures 
like stars and hyperbranched polymers are also accessible.[56-59]  
Block copolymers are mostly obtained through chain extension of a macro-RAFT agent. Here the 
process starts with the polymerization of a first monomer. The polymer chains generated during this 
process retain a thiocarbonylthio moiety at the chain end after polymerization and form the so-called 
macro-RAFT agent. After purification of the homopolymer, the obtained RAFT-agent is used in the 
second reaction step where it reacts in a similar way as the low molecular weight RAFT agent for the 
polymerization of a second monomer, thus forming an AB block copolymer. Right after the discovery 
of the RAFT process, articles were published describing the synthesis of AB block copolymers. 
Published in 1999, the first article describes the synthesis of different block copolymers prepared 
with RAFT using monomers containing acid (e.g., acrylic acid), hydroxyl (e.g., 2-hydroxyethyl 
methacrylate), and tertiary amino (e.g., 2-(dimethylamino)ethyl methacrylate) functionalities.[60] 
After this research, a large variety of other block copolymers were successfully synthesized using the 
RAFT process, including pH- and thermoresponsive polymers, amphiphilic structures and 
glycopolymers.[54] 
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For the synthesis of ABA triblock copolymers on the other hand, different strategies can be 
followed[59, 61]: 
1. The conversion of α,ω telechelic homopolymers into a bifunctional macro- 
      RAFT agent 
2. The sequential addition of the desired monomers using a monofunctional 
CTA 
3. The use of symmetrical trithiocarbonates 
4. The use of a difunctional RAFT-agent[62-63]  
The last strategy, using a difunctional RAFT-agent is mostly used. For example, Perrier et al. 
synthesized two types of ABA structures using a difunctional CTA. The obtained structures consisted 
of poly(butyl methacrylate)-b-poly-(methyl methacrylate)-b-poly(butyl methacrylate) and poly(butyl 
acrylate)-b-poly(methyl methacrylate)-b-poly-(butyl acrylate).[61] Robertson et al. synthesized ABA 
structures consisting of poly(styrene) A-blocks and a poly(lauryl acrylate-co-stearyl acrylate) B-blocks. 
These structures were evaluated for their ability to work as a thermoplastic elastomer.[63] In a last 
example the synthesis of triblock copolymers consisting of poly(di(ethylene glycol) methyl ether 
methacrylate) center block and poly(4-vinylimidazole) external blocks was reported.[64] 
More complex structures are the graft copolymers in which the side chains (grafts) are structurally 
distinct from the main chain (backbone). Gadban et al. performed the RAFT copolymerization of 
methacrylamide- and methacrylate-functionalized (1→4)-α-L-guluronan and (1→4)-β-D-mannuronan 
macromonomers with N-(2-hydroxyethyl)methacrylamide, yielding synthetic-g-polysaccharide 
copolymers via a grafting through approach.[65] An alternative strategy towards graft copolymers was 
used to synthesize poly(hydroxyethyl acrylate)-g-poly(acrylic acid). Here the synthesis started with 
the RAFT polymerization of hydroxyethyl acrylate where the hydroxyl groups were reacted in a 
postmodification reaction with 2-bromopropionyl bromide. This step was followed by a nucleophilic 
substitution of the bromide with butyltmercaptan and CS2, forming a backbone bearing multiple CTA 
moieties. A second RAFT polymerization was then conducted with acrylic acid (AA), resulting in a 
graft copolymer with high density of anionic side chains.[66]  
If multifunctional RAFT agents are used in the reactions, structures like star-shaped polymers can be 
obtained. For example, starting from pentaerythritol, a tetrafunctional RAFT agent was synthesized 
and a star shaped polymer with 4 arms was obtained in a subsequent polymerization.[67] 
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2.3.3 Polyesters: different synthetic pathways  
 
Step-growth polymerization: principles 
Step-growth polymerizations are already known since the dawn of plastics. The invention of Bakelite 
in 1907 is one of the first and best-known example of the technique. The main characteristic of a 
step-growth polymerization (SGP) for linear polymers is that bifunctional monomers react whereby 
every functional group can react independently of the size of the reactant. Reaction can thus occur 
between every species within the reaction medium, e.g. monomers, dimers and oligomers eventually 
yielding long polymer chains (Figure 2.8). Due to this mechanism, a high conversion of the reaction is 
required in order to achieve high molecular weights. This property of step-growth polymers becomes 
clear when analyzing the Carothers equation. This equation, proposed by Wallace Carothers in 1935, 
gives the degree of polymerization for a given monomer conversion. For the simplest case - strictly 
linear polymer formed by the reaction of two monomers in equimolar quantities - the equation is: 
𝑋𝑛̅̅̅̅ =
1
1 − 𝑝
 
Where Xn is the number-average value of the degree of polymerization and p is the conversion of the 
reaction (value between 0 and 1). From this equation it is indeed obvious that a high conversion is 
needed to achieve a high degree of polymerization.[68] 
 
Figure 2.8: Generic representation of SGP (white dots = monomers; black dots = reacted monomers). 
To obtain linear polymers with a high molecular weight, not only a high reaction conversion is 
needed, but attention should also be given to a number of requirements.[69] First the monomer 
should bear two functionalities and high purity of the compounds is necessary. Secondly, perfect 
stoichiometry of the functional groups should be pursued, the groups should be accessible and no 
side reactions may occur that leads to loss of monomer functionality. And finally, only reactions that 
Chapter 2 
26 
 
proceed in a quantitative way are suitable for polymerization. Different chemical reactions may be 
used to synthesize polymers by SGP, including esterification, amidation, urethane formation, … 
Specific case: polyesters by SGP 
A well-known class of step growth polymers are the polyesters. These polymers all contain an ester 
functional group in their main chain. The synthesis of polyesters is an example of a specific type of 
SGP, the so called condensation polymerization. In these types of polymerizations the reaction is 
accompanied by the elimination of a small molecule at each step, such as water or methanol. 
Starting from monomers that bear two identical functional units, the process is called AABB-type 
SGP. If in the same monomer two complementary functional groups are present, the process is called 
AB-type SGP (Figure 2.9).  
 
Figure 2.9: General structure for a polyester starting from monomers with two identical functional groups 
(left, AABB-type SGP), and starting form a single monomer bearing complementary functional groups (right, 
AB-type SGP). 
Different combinations of monomers can be used to obtain polyesters, e.g. esterification reaction 
between a dicarboxylic acid and a diol, transesterification between a diol and a diester, etc. By 
combining different monomers, a wide range of polyesters can be produced where the properties 
depend on their chemical composition.  
Several polyesters are industrially produced on a large scale, PET (polyethylene terephthalate) being 
the most famous one. This aromatic polyester is one of the most produced polymers worldwide and 
is mainly used in packaging and fiber applications. But beside this example, different other polyesters 
found their way in everyday life, e.g. poly(butylene succinate) as biodegradable polyester in 
agricultural applications or poly(ethylene adipate) as pre-polymer for the polyurethane production.  
Other polymerization techniques 
Not all industrial relevant polyesters are synthesized by the step growth polymerization. An 
important exception is poly(lactic acid) as well as poly(ε-caprolactone), that are produced by ring-
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opening polymerization (ROP). Also the class of the poly(hydroxyl alkanoates), bio-based polyesters, 
are synthesized in a different manner using bacteria as microreactors (see section 2.1.2). 
Macromolecular Engineering 
The combination of different monomers to obtain copolyesters is a widespread phenomenon. The 
incorporation of different monomers, even in a small amount, changes the properties of the 
obtained polyester tremendously. For example, the copolyester poly(ethylene naphthalate-co-
terephthalate) has better solubility in common solvents than poly(ethylene naphthalene) and 
poly(ethylene terephthalate) (PET).[70] Also copolymers from ethylene terephthalate and ethylene 
glycol have the property that the Tg decreased by approximately 20°C when 8wt% poly(ethylene 
glycol) was added to neat PET.[71] 
Most examples in literature focus on the synthesis of random copolyesters. However, examples were 
found where block copolyesters have been synthesized by SGP. Recently (2014), the group of 
Kandelbauer reported on the synthesis of poly(ethylene terephthalate)-b-poly(ethylene 
naphthalate). Here the oligomers were obtained via chemical recycling of the parent polymer and 
subsequently used as building blocks in a SGP for the preparation of the block copolyester.[72] Li et al.  
synthesized a series of poly(butylene terephthalate)-poly(butylene succinate) copolyesters by the 
melt chain-extension reaction of the prepolymers.[73] When using ROP as polymerization methods, 
different other examples can be found. For example, the synthesis of an ABA triblock copolyester 
was done by ring opening polymerization of L-lactide, initiated by the hydroxyl terminal groups of the 
poly(caprolactone) chain.[74] 
2.3.4 Acyclic Diene Metathesis polymerization 
 
Principle 
Olefin metathesis reactions for the catalytic C-C bond formation are already known and used for a 
long time in organic chemistry. The application of this technique for the synthesis of macromolecules 
was first reported in 1990 by Wagener et al.[75] In the Acyclic Diene Metathesis reaction (ADMET) 
α,ω-diene monomers are used in combination with a metathesis catalyst to produce high molecular 
weight unsaturated polymers in a SGP way. During the reaction ethylene is produced and is typically 
removed under high vacuum conditions. The removal of this ethylene drives the reaction toward 
polymer formation due to the equilibrium nature of the polymerization (Figure 2.10).[76] 
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Figure 2.10: ADMET polymerization mechanism[76]. 
The ADMET reaction (Figure 2.10) starts with the coordination of the catalyst with one of the olefins 
of the diene, followed by the formation of a metallacyclobutane ring. This reversible chemistry can 
continue to polymer formation by cleavage of the ring into a metathesis active alkylidene complex. 
This complex reacts with a double bond of a diene, forming a second metallacyclobutane ring, where 
after the growing polymer is released along with the methylidene carbene. The cycle proceeds by 
coordination of the methylidene carbene with another diene (or a polymer possessing a terminal 
olefin), followed by cleavage of yet another metallacyclobutane ring, which ultimately releases 
ethylene. Because all reactions listed are in equilibrium, polymers are only formed when the formed 
ethylene is removed. 
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ADMET became more successful after the improvement of the available catalysts (Figure 2.11). 
Metathesis activity, tolerance towards functional groups and solvents, decrease of side reactions and 
increase in selectivity and activity depends on the catalyst used. The first catalysts used for the 
polymerization of dienes were based on molybdenum and tungsten alkylidene complexes, developed 
by Schrock and coworkers.[77-78] While polymers with a high molecular weight could be obtained, the 
catalysts were extremely sensitive to oxygen and water and were not that reactive towards 
functional groups. This limited the application of these catalysts. The development of a new type of 
catalyst, based on ruthenium alkylidenes in 1992 by Grubbs, marked a new start in the ADMET 
polymerization.[79] This catalyst was used in different polymerization reactions such as the 
polymerization of 1,9-decadiene to high molecular weight polymer (20 kDa) and had a good 
tolerance towards ether and alcohol containing monomers.[80-81] Further improvement of this catalyst 
was done by substituting the phosphine ligand on the catalyst by a N-heterocyclic carbene. By doing 
this, the functional group tolerance was further improved and the metathesis activity increased as 
well.[82] The development of other catalysts like Hoveyda-Grubbs 2nd generation and Zannan catalysts 
further broadened the functional group tolerance and reactivity.[83]  
 
Figure 2.11: Examples of different generations of metathesis catalysts. 
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Although more reactive and efficient catalysts were developed, side reactions during polymerizations 
still occurred when using these 2nd generation catalysts. These side reactions include isomerization 
and secondary metathesis reactions. For example, double bonds can migrate both in the monomer 
and in the polymer backbone during olefin metathesis, giving rise to irregular polymer structures 
with respect to carbon chain length and the position of the double bond. It was reported that 
benzoquinones efficiently suppress olefin isomerization side reactions during metathesis.[84] 
If all these parameters are taken into account, it is clear that when starting a new ADMET reaction, 
care must be taken to choose the right catalyst and optimal reaction conditions. Not only the right 
tolerance towards functional groups should be checked but also the occurrence of side reactions 
should be kept to a minimum by using the right reaction conditions.  
Since the development of more reactive and efficient catalysts and the movement towards a more 
sustainable approach, ADMET has been used as a tool to polymerize renewable monomers. For 
example Türünς and coworkers polymerized monomers obtained from fatty acids[85], while other 
groups used syringaresinol[86], or biphenyl monomers derived from vanillin or eugenol[87] as starting 
material for the polymerization. Other examples of bio-sourced monomers and their use in the 
synthesis of homopolymers or segmented polymer structures can be found in later parts of this 
thesis. 
Macromolecular Engineering 
The preparation of telechelics and block copolymers via ADMET polymerization is already 
established. For example, 1,9-decadiene was copolymerized with an epoxide containing mono-olefin, 
leading to the formation of epoxy functionalized telechelics polymers. The epoxide end-groups were 
used in a subsequent reaction to obtain copolymers.[88]   
For the formation of AB block copolymers different strategies can be followed. For example, Meier 
and coworkers synthesized block copolymers by using the difference in reactivity between acrylates 
and terminal double bonds in olefin metathesis using 10-undecyl acrylate as monomer and an 
acrylated poly(ε-caprolactone) as selective chain stopper.[89] The same group used the Passerini three 
component reaction to synthesize functional asymmetric α,ω-dienes containing an acrylate and a 
terminal olefin. These monomers were combined with monofunctional poly(ethylene glycol)480 
monoacrylate as chain stopper for the synthesis of amphiphilic block copolymers.[90] Another strategy 
was used by the group of Bunz where ADMET was combined with Ring Opening Metathesis 
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Polymerization (ROMP) for the synthesis of block copolymers. In a first example they did a ROMP of 
tri(isopropyl)silyl-substituted norbornadienes. This polymer was chain extended in a second ADMET 
reaction with divinyl benzene to obtain AB block copolymers.[91] 
The synthesis of ABA triblock copolymers by only using ADMET as a polymerization tool is more 
challenging. The group of Meier synthesized amphiphilic ABA triblock copolymers by combining 
undecyl undecenoate, a monomer from renewable resources, with poly(ethylene glycol)methyl ether 
acrylate as chain stopper. Molecular weights were in the range of 15 000 g/mol and dispersities 
ranged from 1.38 to 1.54.[92] Other amphiphilic triblock copolymers were synthesized by Ding et al. 
consisting of poly(phosphoesters) A-segments and poly(ethylene glycol) B-segments.[93] In this 
research, an α,ω-diene phosphate was first synthesized after which it was combined with a 
poly(ethylene glycol) methyl ether acrylate as a chain stopper in an ADMET procedure to obtain the 
ABA triblock copolymers.  
The synthesis of graft copolymers using only ADMET has a strong focus on synthesizing 
poly(ethylene-graft-ethylene oxide) copolymers. Here the grafts are introduced into the monomer 
prior to polymerization. By doing this, an exact graft placement is realized at each functional site 
along the polymer backbone.[94-95]  
2.3.5 Click reactions 
Introduction 
For an organic reaction to be applicable and useful in polymer chemistry, high yields with little or no 
by-products and easy purification methods are essential. In 2001, Sharpless and coworkers 
introduced the term ‘click chemistry’. This was defined as a ‘set of powerful, highly reliable and 
selective reactions for the rapid and clean synthesis of useful new compounds and combinatorial 
libraries’.[96] The reactions must meet certain stringent criteria before they can be categorized as click 
reaction:  
 High yields with byproducts (if any) that are removable by non-chromatographic methods 
 Regiospecificity and stereospecificity 
 Insensitivity to oxygen or water 
 Mild, solventless (or aqueous) reaction conditions 
 Orthogonality with other common organic synthesis reactions 
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 Applicable to a wide variety of readily available starting compounds 
 Easy product isolation and stable product 
The introduction of click chemistry in the area of polymer chemistry opened a whole range of new 
polymer materials and structures. Because standard design protocols and purification procedures of 
organic chemistry are not always applicable in polymer chemistry, the introduction of the click 
reactions offered a strong practical added value because the reactions are efficient and there are no 
or little side products that are easily purified.[97]  
The first reaction given the label click is the copper-catalyzed azide-alkyne cycloaddition reaction 
(CuAAC).[98-99] Despite the popularity of this reaction, especially on lab scale, the wide-spread 
utilization is limited by the need of potentially explosive azides and the presence of a cytotoxic 
transition metal. However, other metal and azide free reactions have gained more interest, such as 
the thiol-ene / -yne chemistry and the Diels-Alder cycloaddition reaction.  Nowadays more or less 20 
reactions are labeled as click or click inspired and still more reactions are exploited in polymer 
chemistry.[100] These reactions are extremely suitable to functionalize polymer chains with small 
functional molecules or to synthesize different polymer structures by coupling different segments.  
Thiol-ene/-yne 
Aside from the popular azide-alkyne reaction, other efficient chemistries find their way into polymer 
science. A perfect example is the thiol-ene chemistry where sulfur-containing compounds react with 
alkenes. This reaction is not a recent discovery; it was first used in the mid-19th century for the 
vulcanization of natural rubber by Charles Goodyear.[101] Thiols are known to react in both radical and 
catalyzed processes under mild conditions not only with alkenes but with various other 
substrates.[102] For example, thiols react in an efficient manner with alkenes, alkynes, epoxides, … 
(Figure 2.12). 
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Figure 2.12: Different thiol-click reactions[102]. 
 
Two of those reactions gained a lot of interest, namely the thiol-ene addition to carbon-carbon 
double bonds (both the free radical as well as the Michael addition reaction) and the thiol-yne 
addition reaction where two thiol moieties can react with a triple bond. The radical thiol-ene and 
thiol-yne reactions will be discussed in more detail below. 
Thiol-ene coupling reactions 
In the radical thiol-ene reaction, the mechanism includes three reaction steps: initiation, propagation 
or coupling reaction, and termination. Mostly radicals are generated by heat and light, but any 
reaction that generates radicals can be used for initiation. After initiation, the reaction continues by 
alternating propagation and chain transfer (Figure 2.13).   
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Figure 2.13: Mechanism of the radical thiol-ene coupling[103]. 
 
During initiation a thiyl radical is formed. This radical will add to the double bond, yielding an 
intermediate carbon-centered radical. This radical abstracts a hydrogen atom from another thiol 
compound resulting in the final addition product. In this last step, a new thiyl radical is generated 
allowing the radical chain mechanism to propagate. The reaction is terminated when the radical is 
consumed in a typical radical-radical coupling reaction.  
An advantage of this reaction is that it can overcome oxygen inhibition and can thus be performed in 
a broader range of atmospheric conditions than conventional radical reactions.[102] 
Thiol-yne coupling reactions 
Aside from the addition of thiols to a double bond with thiol-ene chemistry, it is also possible to add 
thiols to alkyne moieties, which has the advantage that multiple functionalities can be built in. The 
thiol-yne reaction proceeds in a similar way as the thiol-ene radical addition (Figure 2.14). First a thiyl 
radical is formed, after which it adds to an alkyne, resulting in a carbon centered radical. This radical 
abstracts a hydrogen from another thiol, generating a vinyl sulfide moiety and a thiyl radical. This 
vinyl sulfide is capable of undergoing further reaction by addition of a second thiyl radical. After 
reaction, each alkyne functionality has reacted with two thiols generating a dithioether.[104] 
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Figure 2.14: Reaction mechanism of the thiol-yne reaction[105]. 
 
Macromolecular engineering 
The use of click chemistry to obtain different polymer structures is intensively studied. Different 
reviews are already available where the synthesis of for example block-, graft-, star- and 
hyperbranched polymers is described.[58, 106-108] Lots of research has been done using the azide-alkyne 
reaction due to its efficiency. But if we focus on the use of thiol-ene/-yne reactions, some things 
stand out. For example, thiol-ene is often used to functionalize polymers with small groups, both in 
the polymer backbone as on the chain ends. Furthermore, the use of this reaction to synthesize new 
monomers is studied extensively.[109] However, the use of thiol-ene chemistry to make segmented 
structures is more complicated. Not only is there a decrease in the availability and mobility of the 
functional group for higher molar mass chains, also problematic for any click reaction, but side 
reactions such as disulfide formation become also more pronounced[110]. This effect is ascribed to the 
incompatibility between polymer chains when two distinct types of polymers are combined to form 
these segmented structures. Two polymer types will phase separate, making reaction between the 
two complimentary functional groups less likely. The thiol groups will therefore show a higher 
tendency to react with each other. 
The thiol-yne reaction, on the other hand, is often used for the synthesis of hyperbranched 
polymers.[111] For example in the work of Perrier et al., thiol-alkynes were used as an AB2 type 
monomer. This approach, also further developed in the PhD manuscript of Dr. Sofie Wallyn (PCR 
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group), has the advantage that highly functional hyperbranched polymers can be obtained in a one-
step procedure.[112] 
2.3.6 Synthetic pathway to obtain segmented polymer structures 
In the following paragraphs, the different pathways to synthesize segmented polymer structures are 
briefly presented. For a more extensive discussion, the reader is referred to different available 
reviews and book chapters on this topic.[30, 37, 58, 113-114] 
Block copolymers 
Block copolymers are the most basic type of segmented structures. The method commonly used to 
synthesize these structures is via a chain extension reaction. Here the process starts with the 
polymerization of a first monomer. The polymer chains generated during this process carry a 
functionality at their chain end that will initiate/mediate the polymerization of a second monomer 
after purification. It can be readily understood that this method only works when monomers are 
used that can be polymerized with the same polymerization technique. For example, Dervaux et al. 
synthesized amphiphilic block copolymers consisting of a poly(isobornyl acrylate) hydrophobic part 
and poly(acrylic acid) hydrophilic segments. First the isobornyl acrylate was polymerized using ATRP. 
The bromide end-group was retained on the polymer, so after purification it could be used as a 
macroinitiator to initiate the polymerization of the second monomer.[115]  
A second strategy to prepare AB block copolymers is to polymerize both blocks separately and 
combine them with an efficient linking reaction. The advantage is that both polymers can be 
characterized separately before they are linked together. The monomers can be polymerized with 
different polymerization techniques, although an efficient chemistry should be found to combine 
both segments which often requires an additional functionalization step. The azide alkyne click 
reaction is often used to couple different polymer segments to each other. For example, alkyne end 
functionalized poly(methyl methacrylate) (PMMA) and poly(styrene) (PS) polymers were prepared 
using ATRP and in another step azide functionalized poly(styrene) and poly(ethylene glycol) (PEG) 
segments were obtained. The coupling of both reactions using the CuAAC reaction was efficient and 
full conversion was obtained.[116]  
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Triblock copolymers 
Also for the synthesis of ABA triblock copolymers, different strategies are possible. For example as 
mentioned in 2.3.2.2 when using the RAFT technique, already 4 options are available. Often a 
combination of different polymerization techniques is used. For example, ring opening 
polymerization and ATRP were combined to produce ABA structures. First the ROP of ε-caprolactone 
was performed after which both end groups were converted into bromide containing moieties. These 
groups were then used as initiator sites for the polymerization of poly(2-(dimethylamino)ethyl 
methacrylate).[117] 
The use of click chemistry to obtain ABA copolymers has also been investigated. Again the use of the 
azide alkyne chemistry is the most popular one, but other reactions are available. Glassner et al. used 
both thermal and light induced Diels-Alder (DA) chemistry to synthesize ABA and ABC triblock 
copolymers. In a first reaction only the light induced Diels-Alder was used to obtain triblock 
copolymers consisting of PMMA or PS middle block and poly(tert-butyl acrylate) side blocks. In a next 
step ABC copolymers were synthesized. Here a PS chain was first coupled with a PEG segment using 
the thermal DA reaction. In a second step, this block copolymer further reacted with poly(tert-butyl 
acrylate) (P(t-BA)) using the light triggered DA method.[118] 
Graft copolymers 
Graft copolymers can be synthesized using following three strategies[119] (Figure 2.15):  
1. “Grafting onto”: grafting the side chains onto the backbone by coupling 
reactions 
2. “Grafting through”: polymerization of a macromonomer 
3. “Grafting from”: using a polymer backbone to initiate the polymerization of 
the second monomer 
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Figure 2.15: Schematic representation of the different grafting methods. 
In the ‘grafting onto’ method, the polymer segments, both the backbone and the grafted chains, are 
synthesized separately before being covalently linked together. It is no surprise that this method uses 
the click reactions to couple the segments. Using the azide alkyne reaction, graft copolymers were 
synthesized by Van Camp et al. by coupling of alkyne functionalized poly(acrylic acid) grafts onto an 
azide functionalized poly(methyl methacrylate) backbone.[120] In another example two types of 
coupling reactions were combined to obtain graft copolymers, both CuAAC and atom transfer 
nitroxide radical coupling reaction (ATNRC) were used. Here they started with the ROP of 4-
glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl (GTEMPO) and 1-ethoxyethyl glycidyl ether, 
generating a backbone with pendant TEMPO and ethoxyethyl-protected hydroxyl groups. The 
hydroxyl groups were recovered by hydrolysis and were esterified with 2-bromoisobutyryl bromide, 
after which the bromide groups were converted into azide groups. Subsequently, bromine containing 
poly(tert-butyl acrylate) was synthesized together with alkyne containing poly(styrene). All the 
segments were then combined using the CuAAC reaction between the alkyne PS and the azide 
groups in the backbone and the ATNRC reaction proceeded simultaneously between the backbone 
and the bromine containing P(t-BA).[121] It was found that grafts in a ‘grafting onto’ strategy could 
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only have lower molecular weights due to steric hindrance and less efficient coupling reactions. 
Therefore, the grafting density is relatively low compared to the other approaches and a difficult 
purification step is necessary to remove unreacted homopolymer.[119]  
When the polymer backbone possesses functional groups that can initiate or mediate the 
polymerization of another monomer, the term ‘grafting from’ is used. Here one can choose to use 
the same polymerization technique for both segments or to combine different polymerization 
mechanisms. A first report on the utilization of the same technique was found in 1998, where the 
synthesis of a densely grafted copolymer by ATRP was reported by Matyjaszewski et al. The 
backbone,  poly(2-trimethylsilyloxyethyl methacrylate), was first synthesized and transformed into a 
macroinitiator. Using this macroinitiator, a series of graft copolymers containing polystyrene and 
poly(butyl acrylate) side chains were synthesized.[122]  
Different examples can be found on the combination of polymerization techniques for the synthesis 
of graft copolymers. In one example an α,ω-diene that contains ATRP initiating sites was polymerized 
by ADMET, yielding a functionalized unsaturated polyethylene backbone. In a second step, these 
initiating sites were used to polymerize vinylbenzyl phosphonic acid, thus obtaining graft 
copolymers.[123] One aspect that stands out in the ‘grafting from’ approach is that functionalization of 
the polymer backbone is necessary to add initiating sites. Thus only if the  functionalization reactions 
are efficient, grafting reactions can occur. An advantage of this method is that the number of 
initiating groups can easily be adjusted and a higher grafting density can be achieved. 
The last method, ‘grafting through’, relies on the copolymerization of a monomer, which will be 
incorporated in the backbone, with a premade macromonomer. For example, although using the 
‘grafting from’ approach in the first part of their research, Markova et al. also synthesized the same 
graft copolymers by combination of ADMET and ATRP implementing the macromonomer approach. 
Using the same α,ω-diene that contains ATRP initiating sites, they first performed the ATRP 
polymerization of vinylbenzyl phosphonic acid after which the ADMET polymerization of the 
macromonomers was performed.[123] Other examples can be found[119], but when using 
macromonomers in the polymerization, steric hindrance was often found to be the limiting factor.[124] 
The advantages and disadvantages of the different grafting strategies are listed in Table 2.1. 
. 
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Table 2.1: Different grafting techniques with their advantages and disadvantages respectively. 
Technique Advantages Disadvantages 
Grafting onto Control of the backbone molecular weight Low grafting density 
Cannot afford polymer brushes 
 Control of the branch molecular weight Rather low branch molecular weight 
Grafting from Control of the backbone molecular weight Difficult control of branch molecular 
weight 
 High grafting density Broad branch molecular weight 
distribution 
 Can afford polymer brushes Branches cannot be isolated for 
characterization 
Grafting through Control of the branch molecular weight Low branch molecular weight 
 High grafting density The backbone cannot be isolated for 
characterization 
 Can afford polymer brushes  
 
2.4 Segmented structures from renewable resources 
When synthesizing bio-based polymers, the industrial focus lies on producing materials that can be 
used in bulk applications (cfr. section 2.1). However already some examples are found in literature 
were different structures are formed that have less commodity applications. In the next paragraphs, 
a small fraction of bio-based or partially bio-based polymer structures are listed. Different other 
examples can be found, some of which are described in the next chapters. The focus in this 
theoretical section lies on the synthesis of AB, ABA and graft copolymers.  
2.4.1 AB block copolymers 
Using PLA as one of the segments 
A first example are block copolymers of PLLA and PDLA that were synthesized using a Diels-Alder 
coupling. First an anthracene-terminated poly-L-lactide and maleimide-terminated poly-D-lactide 
was prepared using initiators that contained the corresponding functional groups. By the thermal 
Diels-Alder chemistry, AB block copolymers were obtained that showed good thermal and thermo-
mechanical properties.[125] Another example using PLA as one of the blocks was published by Schmidt 
et al., where isoprene was polymerized using the living anionic polymerization technique and end-
capped with ethylene oxide, yielding a hydroxyl terminated polyisoprene block. This hydroxyl group 
was subsequently used to initiate the ROP of lactide monomers, thus obtaining the poly(isoprene)-b-
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poly(lactic acid) copolymers. Molecular weights of both blocks were easily controlled by altering the 
monomer to initiator ratio.[126]  Different other block copolymers were synthesized using PLA as one 
of the segments, where most of the structures have applications in the medical field.[127] 
Using only one polymerization technique 
Often a controlled radical polymerization technique is used to make one or both blocks in an AB 
block copolymer. If using only one technique, sequential addition of the monomers is used. This is 
shown in the work of Dutertre et al. where two fatty alcohol derived products are used, namely 
lauryl acrylate and stearyl acrylate. First lauryl acrylate is polymerized using ATRP. After purification, 
the homopolymer acts as a macroinitiator for the polymerization of stearyl acrylate. The obtained 
polymer shows interesting thermal behavior as it acts as a brittle solid as long as both blocks are in 
the crystalline form, as a ductile material after melting of the poly(lauryl acrylate) segment and finally 
as a viscous liquid when both blocks are amorphous.[128] Stearyl acrylate was also used in another 
project where it was combined with methyl methacrylate using ATRP for the polymerization. The 
obtained structures were successful as stabilizers for the non-aqueous dispersion polymerization of 
methyl acrylate and acrylonitrile in a non-polar solvent mixture of hexane and dodecane.[129]  
Combining different polymerization techniques 
Often a combination of two different types of polymerization techniques are used. By combining 
ring-opening polymerization with ATRP, diblock copolymers consisting of poly(ε-caprolactone) and 
poly(2-acryloyloxyethyl dehydroabietic carboxylate), a rosin derivative, were obtained. In this 
research, block copolymer synthesis started either with poly(2-acryloyloxyethyl dehydroabietic 
carboxylate)-OH as macroinitiator for the ROP of ε-caprolactone or with poly(ε-caprolactone)-Br to 
initiate the ATRP polymerization of 2-acryloyloxyethyl dehydroabietic carboxylate. Both options 
yielded well-defined block copolymers.[130] A last example in this class of structure uses dextran, a 
naturally occurring polysaccharide, as first block. Here dextran is end functionalized with an 
alkoxyamine by a two-step procedure, yielding a macroinitiator that polymerizes monomers like 
styrene and methyl methacrylate with NMP. The obtained amphiphilic linear diblock copolymers 
were investigated for their ability to generate honeycomb structures.[131] 
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2.4.2 ABA triblock copolymers 
Using PLA as one of the segments 
The use of PLA as one of the segments in a bio-based ABA copolymer is a popular approach. Different 
examples can be found where lactic acid is combined with other monomers from renewable 
resources. An example of a bio-based ABA triblock copolymer was reported by Masutani et al. They 
combined PLLA and PDLA segments via a two-step ROP of L- and D- lactides. By tuning the chain 
length of the different blocks and the order of the segments, materials with improved 
thermomechanical properties were obtained.[132]  Dhamaniya et al. synthesized ABA structures based 
on the renewable monomers L-tartaric acid and L-lactide. Hydroxyl end functionalized 
poly(hexamethylene 2,3-O-isopropylidene tartarate) was synthesized first by means of a 
polycondensation reaction with 1,6-hexane diol. The polymer was then used as macroinitiator for the 
ROP of L-lactide.[133] Poly(L-lactide)-b-poly(ricinoleic acid)-b-poly(L-lactide) aliphatic block 
copolyesters were prepared by consecutive AB type self-condensation and ring-opening 
polymerization by Lebarbé et al. The polycondensation reaction of methyl ricinoleate, an AB-type 
monomer derived from castor oil, with a small amount of 1,3-propanediol, yielded a hydroxyl 
terminated polyester, which initiated the polymerization of L-lactide.[134] The group of Hillmyer is very 
active on the synthesis of renewable ABA structures using PLA. They combined the bio-based 
polymer with both renewable and fossil fuel based monomers, yielding for example polylactide-
polymenthide-polylactide[135], polylactide-polyisoprene-polylactide[136], polylactide-poly(6-methyl-ε-
caprolactone)-polylactide[137] and polylactide-polythiophene-polylactide[138] copolymers.[139]  
Combining different polymerization techniques 
 Although PLA is often used in the synthesis of ABA copolymers, other examples can be found. For 
example, menthide and tulipane A were combined to obtain thermoplastic elastomers. First the ROP 
of menthide was performed after which the hydroxyl end groups were converted into bromide 
groups to initiate the polymerization of tulipane A with ATRP.[140]   
Using only one polymerization technique 
The RAFT technique was used to produce partially bio-based thermoplastic elastomers based on 
styrene, stearyl and lauryl acrylate. By varying the composition of the middle block, a random 
copolymer of stearyl (C18) and lauryl (C12) acrylate, a convenient tool for tuning the physical 
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properties of the triblock copolymers was obtained.[63] Furthermore, the RAFT technique was also 
used to make fully bio-based structures using itaconic acid derivatives as monomers.[141] In a last 
example, monomers derived from pinene were polymerized using the living anionic polymerization. 
Because both monomers, α-methyl-p-methylstyrene and myrcene, are comparable with the more 
traditional styrene and butadiene monomers, the properties of the obtained thermoplastic 
elastomer resembles the one of the styrene-butadiene-styrene system. However, the upper service 
temperature is about 70 °C higher than traditional petroleum-derived styrenic thermoplastic 
elastomers, making it attractive for applications requiring higher service temperatures.[142] 
2.4.3 Graft Copolymers 
Starting from cellulose: grafting from   
When making bio-based graft copolymers, cellulose is often used as the starting material. Not only is 
this material abundant in nature, it also contains a lot of functional groups on its backbone. The 
hydroxyl groups available are often esterified with 2-bromoisobutyryl bromide, yielding a 
macroinitiator that can be used in a following ‘grafting from’ polymerization of different monomers 
by ATRP. For example, cellulose-g-poly(n-butyl acrylate-co-dehydroabietic ethyl methacrylate) and 
cellulose-g-poly(lauryl methacrylate-co-dehydroabietic ethyl methacrylate) were synthesized by Liu 
et al.[143] The same group reported later the use of rosin derivatives as monomers in the grafting 
procedure of cellulose. Both 2-methacryloyloxyethyl dehydroabieticcarboxylate, 2-acryloyloxyethyl 
dehydroabietic carboxylate, acryloyloxyhexyl dehydroabietic carboxylate as well as 
methacryloyloxyhexyl dehydroabietic carboxylate were used as renewable monomers in the grafting 
from polymerization. It was found that the obtained polymers have a significant impact on film 
formation, thermal stability, hydrophobicity and UV absorption.[144] Several other examples can be 
found where cellulose is used as polymer backbone in grafting reactions using ATRP.[145]  
Although the grafting from strategy is mostly done by ATRP, the use of other techniques is also 
investigated. By transforming the hydroxyl groups into chain transfer agents, the grafting 
polymerization could be performed by RAFT. A first report was published in 2013 grafting methyl 
methacrylate from cellulose using an ionic liquid.[146] More or less the same strategy was used by 
Hufendiek et al. who grafted poly(N,N-diethylacrylamide) and poly(N-isopropylacrylamide) from the 
cellulose backbone.[147] 
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Starting from bio-based monomers 
Besides cellulose, different other monomers are used to make graft copolymers. For example, the 
combination of castor oil and polylactic acid was used in a grafting onto method. First a hydroxyl end 
functionalized PLLA was synthesized where the hydroxyl groups were reacted with hexamethylene 
diisocyanate. The formed isocyanate containing PLLA was subsequently coupled to castor oil 
producing branched PCO-g-PLLA copolymers.[148] These structures were mixed in a PLLA matrix where 
it enhances the tensile toughness and elongation at break of the blends, which were 10 times greater 
and 30 times more than those of neat PLLA, respectively.  
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Abstract 
In the first part of this chapter, suitable bio-based acrylates are tested on their ability to be 
polymerized by RAFT. Both hydrophilic as well as hydrophobic acrylates are tested. After finding the 
right monomers and optimal reaction conditions, the acrylates are combined to produce amphiphilic 
block copolymers. As hydrophobic part, lauryl acrylate is used. For the hydrophilic part, acrylic acid 
was selected. Since both monomers are hard to combine due to their difference in hydrophobicity, 
acrylic acid was converted into 1-ethoxyethyl acrylate, a hydrophobic monomer, which can easily be 
transformed into acrylic acid again by a simple heating step. Different block copolymers were 
synthesized with molecular weights ranging from 7 up to 30 kDa. After the deprotection of 1-
ethoxyethyl acrylate into acrylic acid, the self-assembly of the block copolymers was tested by DLS.  
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Chapter 3: Synthesis of amphiphilic 
block copolymers based on bio-based 
acrylates 
 
 
 
 
 
3.1 Introduction 
Polymeric additives that are used as dispersants, compatibilizers, emulsifiers or surfactants, have all 
one thing in common: they consist of at least two different types of polymers that are covalently 
bound. For example, in the case of compatibilizers used for stabilizing polymer blends, one part will 
dissolve in the first polymeric phase, whereas the second part will dissolve in the other polymeric 
phase, thus preventing phase separation. Also, when dispersing particles in a solvent, one part of the 
polymeric additive will interact with the particle, while the other part of the polymer will prevent 
flocculation and precipitation.  
Different polymeric structures can be used to prepare such additives, but the simplest ones are the 
AB block copolymers (see chapter 2). In block copolymers both polymer types are covalently linked 
together to form a linear structure. These structures have the opportunity to function as a surface 
active component. In many cases, a difference in hydrophobicity is needed. For example, to form an 
oil-water emulsion, one part of the block copolymer should interact with the hydrophobic oil phase, 
while the other block should interact with the hydrophilic phase. Also, when synthesizing a water-
based paint, hydrophobic pigments are dispersed into a hydrophilic phase. These types of 
applications need amphiphilic polymeric structures, where one block of the polymer is hydrophobic, 
while the other part is hydrophilic.   
Chapter 3 
 
54 
 
The phenomenon that block copolymers aggregate when dissolving them in a selective solvent is 
already known for decades. These aggregates are formed due to the association of the insoluble 
parts of the block copolymer, minimizing the unfavorable interactions.[1] Amphiphilic block 
copolymers are often used for self-assembly in aqueous solutions where the hydrophobic parts form 
the inner part of the aggregates and are shielded by the hydrophilic blocks.[2] Spherical micelles are 
typically in the size range of 20 – 100 nm. Various factors have been identified contributing to the 
self-assembly of the block copolymers. These include the copolymer composition, polymer 
concentration, water content and more.[1] 
The synthesis of these structures is often based on a chain extension reaction. This process starts 
with the polymerization of a first monomer. The polymer chains generated during this process carry a 
functionality at their chain end that will initiate / mediate the polymerization of a second monomer 
after purification. In this chapter, the use of the RAFT technique will be examined to prepare the 
amphiphilic block copolymers. The polymer obtained after purification in the first step is called the 
macro-RAFT agent, because the polymer chains generated during this process retain a 
thiocarbonylthio moiety at the chain end. This macro-RAFT-agent is used in the second reaction step 
where it reacts in a similar way as the low molecular weight RAFT agent for the polymerization of a 
second monomer, thus forming an AB block copolymer.  
The chain extension reaction of macro-RAFT agents with a second monomer is already well 
established. However, the choice of the RAFT agent should not only be made according to the 
monomers used but also according to the order of polymerization of the monomers. For the first 
requirement, the RAFT-agent should bear a Z-group that is compatible with both monomers. 
However, since only acrylates are polymerized in this process, the choice of RAFT-agent is less 
important. When an appropriate RAFT-agent is available, it can be used to polymerize all 
monomers.[3] 
As mentioned before, the use of the chain extension reaction using RAFT for the synthesis of block 
copolymers is not new. Already right after the discovery of the RAFT process, articles appeared 
describing the synthesis of AB block copolymers. The first articles used acrylic acid, 2-hydroxyethyl 
methacrylate and 2-(dimethylamino)ethyl metracrylate monomers to synthesize different types of 
block copolymers.[4] Amphiphilic block copolymers were synthesized by Hoogenboom et al. 
consisting of a poly(butyl acrylate) hydrophobic part and poly(acrylic acid) hydrophilic segments.[5] 
Different other examples can be found where the RAFT process is used for the preparation of block 
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copolymers, with applications as pH- and thermoresponsive polymers, amphiphilic structures and 
glycopolymers.[6] 
In this chapter the polymerization of three bio-based acrylates is investigated, together with the 
search for a proper RAFT-agent. After optimizing the reaction conditions, block copolymers are 
synthesized using the bio-based acrylates that gave the best result in the first part.  
3.2 Bio-based acrylates and their polymerizations 
3.2.1 Introduction 
Bio-based acrylates, also referred to as bio-acrylates, are defined as acrylates potentially synthesized 
from or originating from renewable resources. In industry, acrylates are widely spread and used in 
different applications, such as adhesives and plasticizers in coatings and textiles.[7] Also in those 
industrial sectors, the switch to renewable alternatives is ongoing. 
So far, different bio-based acrylates have been synthesized and polymerized using various 
polymerization techniques in academic research groups. For example, using Novozyme-435 
(immobilized lipase from Candida Antarctica B on a hydrophobic carrier), the transesterification of 2-
hydroxy ethyl acrylate with bio-based methyl oleate, originating from linseed oil, was performed. The 
obtained monomer was subsequently polymerized with a free radical polymerization.[8] The same 
strategy was used to synthesize several bio-acrylates starting from methyl acrylate and bio-based 
diols and triols. Using this strategy, monomers such as 3-hydroxypropyl acrylate, 4-hydroxybutyl 
acrylate and 2-methyl-3-hydroxypropyl acrylate were prepared and polymerized by NMP and free 
radical polymerization.[9]  
A different technique to produce bio-acrylates makes use of a chemical route where the reaction of 
(meth)acryloyl chloride with a bio-based alcohol or carboxylic acid (after reduction with sodium 
borohydride) is performed. This method was used to synthesize acrylates starting from gum rosin, 
which were used in an ATRP polymerization process.[10] Also starting from tiglic acid, 2-
(methacryloyloxy) ethyl tiglate was synthesized and polymerized.[11] Furthermore different other bio-
acrylates are used in polymer chemistry, such as octadecyl acrylate (or stearyl acrylate)[12], sucrose 1’-
O-methacrylate[13], cardanyl acrylate[14], methacrylated oleic acid[15] and soybean oil acrylate[16].  
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In this research three bio-acrylates are used, namely acrylic acid, itaconic acid and lauryl acrylate 
(Figure 3.1), where ‘bio-acrylates’ are defined in this research as acrylates made from or originating 
from renewable resources. First, the use of these acrylates or their derivatives in a RAFT 
homopolymerization is described. For these reactions, suitable chain transfer agents are necessary, 
which have been prepared. In the second part, the monomers were used to synthesize amphiphilic 
block copolymers.  
 
Figure 3.1: Three bio-acrylates used in this research: Acrylic acid, Itaconic acid and Lauryl acrylate. 
 
3.2.2 Synthesis of the RAFT-agent 
When polymerizing monomers with the RAFT technique, the first step is to find an appropriate chain 
transfer agent (CTA). These compounds consist of a thiocarbonylthio group (S=C-S) with R and Z as 
substituents which have an impact on the polymerization reaction kinetics. The C=S bond is a 
reactive double bond. The Z-group is chosen to give the CTA a certain reactivity with respect to the 
monomer(s), while the R-group should be a good leaving group, which must be effective to reinitiate 
polymerization. 
Since this project is dealing with the polymerization of acrylates, trithiocarbonates were chosen as 
CTA, because it is well known that these compounds effectively polymerize acrylates.[17] First DDMAT 
(2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid, (Figure 3.2), a carboxylic acid containing 
RAFT-agent, was used as CTA. Even though nice results were obtained with this CTA, in further 
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experiments another related CTA was used because, although DDMAT is commercially available, it is 
quite expensive. Furthermore, attempts to synthesize DDMAT ourselves, according to procedures 
found in literature[18], did not give the expected results. While based on this report an overall yield 
after synthesis and column purification with ethyl acetate should be as high as 83%, only low yields 
(37%) were obtained by us. Due to the high cost when purchasing the RAFT-agent and the low yields 
obtained when preparing DDMAT, a different strategy to synthesize an appropriate RAFT-agent was 
tested.  
 
Figure 3.2: Chemical structure of DDMAT (2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid). 
In this context, a synthetic route for another RAFT-agent, which resembles the structure of DDMAT, 
was found [19]. Also here the main structure is a trithiocarbonate, where the Z-group is now a butyl-
group instead of a dodecyl-group and the R-group results in a secondary radical instead of a tertiary 
one. It still contains a carboxylic acid function that can be used in further functionalization reactions. 
The synthesis of 2-((butylsulfanyl)-carbonothioyl)sulfanylpropanoic acid (BuPAT) was based on that 
of DDMAT, using butanethiol instead of dodecanethiol. However, in the second step, 2-
bromopropanoic acid was added instead of 2-bromo isobutyric acid (Figure 3.3).  
 
Figure 3.3: Synthesis of BuPAT (2-((butylsulfanyl)-carbonothioyl)sulfanylpropanoic acid). 
By changing the R-group of the RAFT-agent slightly, better yields (>80%) were obtained, most 
probably because of the difference in reactivity between a secondary and tertiary bromine. 
Purification was done by a simple recrystallization from hexane and a pure compound was collected 
in 40g scale. The 1H-NMR and 13C-NMR obtained from BuPAT is shown in Figure 3.4 and Figure 3.5 
and demonstrate successful synthesis.  
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Figure 3.4: 1H-NMR of BuPAT (300 MHz, CDCl3). 
 
Figure 3.5: 13C-NMR of BuPAT (300 MHz, CDCl3). 
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3.2.3 Acrylic acid and 1- ethoxyethyl Acrylate 
Acrylic acid is a very versatile monomer as it is the starting compound for lots of acrylates, but it can 
also be used as such. Poly(acrylic acid) is already used in industry and finds applications as thickening 
and suspension agent for petroleum recovery, pigment dispersants in paint, flocculating agents for 
particles suspended in water and in adhesives.[20] Although acrylic acid is still mostly synthesized from 
propene, a fossil fuel based product, manufacturing processes that use sugar as starting material are 
in development. Different companies like Dow, Cargill and Novozymes have starting pilot plants 
where acrylic acid is produced by a fermentation process where corn- or cane-derived sugars are 
converted into 3-hydroxypropanoic acid. This monomer is subsequently  converted into acrylic acid 
by a catalytic dehydration reaction (Figure 3.6).[21] Different bacteria can be used to produce 3-
hydroxypropionic acid from sugars, such as E. Coli or Lactobacillus reuteri.[22] The second step in the 
process makes use of TiO2 at elevated temperatures (230°C), where yields over 95% were 
achieved.[22] Other fermentation routes are investigated where both steps are combined in one 
process, so no chemical conversion step is needed.[23-24]  
 
Figure 3.6: Production of acrylic acid using a fermentation process. 
 
Also other renewable resources are used to produce acrylic acid. For example, the company SGA 
polymers LLC developed a process to convert lactic acid into acrylic acid.[25] Furthermore, it is 
possible to obtain acrylic acid using glycerol as starting material. In this process, glycerol is converted 
into 3-hydroxypropanal by Lactobacillus reuteri and subsequent thermal dehydration leads to 
acrolein. After oxidation of the monomer, acrylic acid is obtained.[26-27]   
During the direct synthesis of poly(acrylic acid), different problems can occur. For example, not all 
polymerization techniques are able to polymerize acidic monomers. Furthermore when 
copolymerizing acrylic acid to obtain segmented structures, often the difference in hydrophilicity 
between the monomers is a problem. To overcome this problem, different techniques can be used 
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which use a protecting group that is cleaved after polymerization. Quantitative deprotection of the 
protecting groups is a key step to prepare well-defined polymers containing acrylic acid segments.[28] 
A strategy often used is the incorporation of a tert-butyl protecting group. This method was already 
used in the late ‘70s to produce poly(acrylic acid) by anionic polymerization.[29] Generally this group 
can be cleaved after polymerization by treating the polymer with acid. Mostly a 5- to 10-fold excess 
of trifluoroacetic acid in dichloromethane at room temperature for 24 h is used.[28] Since not all 
polymers are resistant against those reaction conditions and since the use of chlorinated solvents is 
not environmentally friendly, our research group patented another method making use of protected 
acrylic acid. For this, acrylic acid is reacted with ethyl vinyl ether to obtain 1-ethoxyethyl acrylate 
(EEA) (Figure 3.7). 
 
 
Figure 3.7: Synthesis of 1-ethoxyethyl acrylate by acid catalysed reaction between acrylic acid and ethyl vinyl 
ether. 
 
The advantage of this strategy is that deprotection occurs by a simple heating step while no 
purification or additional chemicals are needed. The applied 1-ethoxyethyl group is easily removed, 
thereby releasing ethyl vinyl ether again. As ethyl vinyl ether is quite volatile (bp: 33 °C), it is 
theoretically possible to recycle and reuse the monomer via a closed loop for the same purpose, thus 
contributing to a more environmentally friendly process. 
For the synthesis of 1-ethoxyethyl acrylate, the procedure described in 2004  and shown in Figure 3.7 
was followed.[30] The optimized reaction conditions were used and purification of the monomer was 
done by a vacuum distillation. Monomer synthesis was typically performed in batches of 100 mL 
scale. The 1H NMR spectrum is shown in Figure 3.8. All signals could be assigned and no signal of the 
carboxylic acid is observed.  
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Figure 3.8: 1H-NMR of 1-ethoxyethyl acrylate (300 MHz, CDCl3). 
 
Ethoxyethyl acrylate was already polymerized using ATRP[30] and RAFT[5]. However, in the original 
RAFT paper, a dithiobenzoate was used as CTA. To make sure BuPAT is also suitable to mediate the 
polymerization, one test reaction was done using the reported optimized conditions for this reaction: 
Initiator (AIBN)/BuPAT/EEA equal to 0.1/1/100. With such ratio, a polymer with molecular weight of 
14 400 g/mol was targeted. In this homopolymerization, a polymer with a Mn of 14 000 g/mol and a 
dispersity of 1.1 was obtained, which is in good agreement with the targeted molecular weight.  
3.2.4 Itaconic acid and derivatives 
3.2.4.1 Introduction 
Itaconic acid (IA) is a renewable C5 dicarboxylic acid monomer, which contains a hidden acrylate 
functionality (Figure 3.1). Historically the monomer was discovered by Baup in 1837 as a byproduct in 
the distillation of citric acid.[31] The first synthesis, using fermentation techniques, was reported in 
1932 by Kinoshita, who used the fungus Aspergillus itaconicus with different carbohydrates as 
substrate.[32] Nowadays the fermentation process can use different substrates and different micro-
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organisms to produce itaconic acid. For example, molasses is converted into the monomer by 
Aspergillus terreus[33], using a member of the Candida[34] family and via Ustilago[35]. Furthermore, the 
direct enzymatic conversion of citric acid[36] or starch[37] gives the desired product.  
In 2004, the United States’ Department of Energy published a report, which listed itaconic acid as 
one of the 12 promising chemicals obtained from biomass.[38] Since these publications, the academic 
interest increased.[39-40] Itaconic acid is already used in industry and has applications in the field of 
plastics, rubbers, as a comonomer in resins, as a surface active agent in the detergent industry and in 
the textile industry.[41] A major player in this field is the company Itaconix, which produces different 
products based on low molecular weight poly(itaconic acid). The polymers are synthesized using a 
radical polymerization technique and find their application as surface active compounds in different 
fields.[42] 
When polymerizing itaconic acid, two distinct methods can be used. In the first strategy, the 
monomer is used as a functionalized dicarboxylic acid, where the unsaturation can later be used to 
functionalize the polymer.[43-45] Secondly, the acrylate functionality in the monomer is used for radical 
polymerization. The easiest way to polymerize itaconic acid is via a free radical polymerization. 
However, long reaction times are needed (up to three weeks) to obtain high conversions and the 
product is a complex mixture due to chain transfer reactions.[46] Various other strategies were 
applied, but a main problem that was frequently observed was that low conversions were obtained 
despite long reaction times.[47]  
In another strategy, poly(itaconic acid) was produced indirectly, by polymerization of itaconic 
anhydride and subsequent hydrolysis.[46, 48] After the polymerization, an additional step is thus 
needed to obtain the desired product. While the synthesis of poly(itaconic acid) in a controlled way 
has not been described yet, the controlled polymerization of itaconic acid ester was successfully 
done.[49-51]  
One of the first goals of this research was to check whether itaconic acid or derivatives could be 
polymerized in a controlled manner, so that it could serve as a hydrophilic bio-based acrylate for the 
creation of segmented structures afterwards. Different pathways were tried, which are schematically 
shown in Figure 3.9. Because RAFT is tolerable towards acid groups, first the direct polymerization of 
itaconic acid was performed, already taking into account that similar problems could be encountered 
as observed for its free radical polymerization (Figure 3.9, (1)). To overcome solubility problems in 
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later stages, a protected form of itaconic acid, based on the earlier described reaction of acrylic acid 
with ethyl vinyl ether, was synthesized and polymerization of this protected monomer was 
performed (Figure 3.9, (2)). As a final strategy, the controlled polymerization of itaconic anhydride 
was tested (Figure 3.9, (4)). In the following section the different pathways will be described as well 
as the obtained results.    
 
Figure 3.9: Different pathways used in this research to obtain poly(itaconic acid) in a controlled way. 
3.2.4.2 Controlled radical polymerization of itaconic acid 
Monomers containing carboxylic acid groups can be polymerized by RAFT without any additional step 
such as the need for protecting groups[52-54]. In this context, standard RAFT conditions were used for 
the polymerization of itaconic acid. Different parameters were altered (solvent, initiator, 
temperature and RAFT-agent) to optimize the polymerization. As initiator system, 
azobisisobutyronitrile (AIBN) or 1,1’-azobis(cyclohexane-1-carbonitrile) (V40) was used. Dioxane or 
dimethyl formamide (DMF) were used as solvent and reaction temperatures between 45 and 70°C 
were chosen (Table 3.1).  
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The polymerizations were typically performed in Schlenk tubes. Before placing the solution at the 
right temperature, 4 freeze-vacuum-thaw cycles were applied to remove the oxygen. The reactions 
were performed using the following conditions: Initiator/CTA/IA = 0.1/1/100, since these were the 
optimized conditions for other acrylate polymerizations and samples were taken for NMR and GPC 
after 24h. Several polymerizations were performed for 48 h, but no significant difference in Mn and 
dispersity was observed between 24 and 48 hours. Also the yields of both reactions remained below 
5%. Both DDMAT, BuPAT and cyanovaleric acid dithiobenzoate were used as CTA. DDMAT and BuPAT 
were used because they gave good results during the polymerization of EEA. However, itaconic acid 
chemically resembles a methacrylate (double substitution on double bond), thus a dithiobenzoate 
was also used to polymerize the monomer. However, also for this RAFT agent a molecular weight 
increase was not observed.  
The results of the different polymerizations are listed in Table 3.1. In this table, the molecular weight 
data of the polymerizations, using BuPAT as CTA, are shown, after a reaction time of 24 h. The same 
monomer to initiator and CTA ratio was used, thus the targeted molecular weight of the polymers 
was 13 000 g.mol-1. The reaction temperature at which the polymerization was performed was based 
on literature.[47] However, a higher temperature (70°C, Table 3.1 entry 4) was also tested, since the 
decomposition of AIBN is more efficient at that temperature.  
Table 3.1: Results for the RAFT homopolymerization of itaconic acid after a reaction time of 24 h, using 
BuPAT as CTA. 
Entry  Solvent Mn (g/mol) Ð T (°C) Remarks 
1 Dioxane 12 200 (a) 1.30 45  
2 Dioxane 20 800 (b) 1.22 45 Precipitate 
  8800 (b) 1.19  Filtrate 
3 DMF 8000 (b) 1.15 45  
4 DMF 6500 (b) 1.04 70  
5 DMF 9800 (b) 1.34 45  
6 DMF 14 200 (b) 2.40 45 Initiator = ACHN 
a = THF-GPC; b= DMA-GPC (Since solubilisation of the polymer was easier in DMA, the polymers were analyzed 
using this GPC from the second polymerization on.) 
Already from the start of this research, it was clear that solubility was one of the main problems 
during polymerization. To be able to dissolve the monomer, either large amounts of solvent were 
needed or long stirring and some temperature increase was necessary. Furthermore, during the 
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freeze-vacuum-thaw cycles, the monomer precipitated again. According to the results in Table 3.1, it 
seems that the radical polymerization of itaconic acid was controlled under the applied conditions 
despite the low conversions. Indeed, both in dioxane and DMF, polymer was obtained with molecular 
weights between 6000 and 20 000 g.mol-1 and with low dispersities as expected from a typical RAFT 
polymerization. Slightly higher molecular weights were obtained when dioxane was used as solvent. 
The increase in temperature (entry 4) did not have an impact on the results. To test whether the 
initiator has some effect on the polymerization, the initiator system was changed from AIBN to ACHN 
(1,1′-azobis(cyclohexanecarbonitrile)). This change in initiator resulted in polymers with a higher 
dispersity. This is probably due to the fact that ACHN has a 10 hour half-life decomposition 
temperature, which is higher than that of AIBN. As such, the initiating system at 45 °C is less efficient 
for ACHN than for AIBN, resulting in a slower initiation and therefore also a broader molecular 
weight distribution. For all low yield polymerizations, signals of the polymer in GPC were always small 
in comparison with the signals of the monomer and the conversion could not be calculated from 1H-
NMR because only the signals of the monomer were observed. Both the polymer and the monomer 
precipitated during polymerization, after which the polymer was separated from the monomer by 
dialysis.  
As the yield of the polymerizations of itaconic acid were always lower than 5%, other synthetic 
routes have been attempted. 
3.2.4.3 Protection of itaconic acid and subsequent polymerization 
Because the direct polymerization of itaconic acid was not successful in this research, a conversion of 
the diacid into a diester was performed, hoping this would increase the conversion as well as the 
yield.[47-49] Furthermore, if the diacid is converted into a hydrophobic diester, after polymerization it 
can be converted back into the diacid. In this way, the problems concerning insolubility between the 
different comonomers, when preparing amphiphilic block copolymers at a later stage, could be 
avoided. The same technique that converted acrylic acid into 1-ethoxyethyl acrylate, namely the acid 
catalyzed reaction between the acid and ethyl vinyl ether, was used. The same reaction conditions 
were applied and the obtained monomer before purification was investigated with 1H-NMR (Figure 
3.10). By comparing the integration of the signals of itaconic acid (a, b) with those of the ethoxyethyl 
groups (d, e, f, g), a conversion of 99% could be calculated. This monomer was not purified by 
distillation, because it was even more sensitive to heat (deprotection occurs when temperature is 
higher than 40°C) and the use of silica during column chromatography deprotected the monomer. 
However, as a result of the high conversion and only a small portion of impurities in the 1H-NMR 
Chapter 3 
 
66 
 
spectrum, the purity of the crude monomer mixture was high. This is why the crude monomer could 
be used as such in the following RAFT polymerizations.  
After the successful synthesis of bis(1-ethoxyethyl) itaconate, it was tested if this monomer was 
capable of undergoing RAFT polymerization and which reaction conditions were optimal. However, it 
is important to bear in mind that deprotection already occurs at 40 °C, thus reaction temperatures 
had to be kept low. Different parameters were screened and are listed in Table 3.2. The results 
shown were measured after 24 hours reaction time. Again, longer reaction times did not result in  a 
change in both molecular weight and dispersity. 
 
 
Figure 3.10: 1H-NMR of itaconic acid (bottom, d-DMSO, 300 MHz) and bis(1-ethoxyethyl) itaconate (top, 
CDCl3, 300 MHz). 
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Table 3.2: RAFT polymerization of bis(1-ethoxyethyl)itaconate. 
Entry Solvent Targeted Mn 
(g.mol-1) 
Mn (g.mol-1) Ð T (°C) Equivalents 
initiator 
Equivalents 
monomer 
1 Toluene 13 700 6300 (a) 1.43 45 0.25 50 
2 Toluene 13 700 10 500 (a) 1.09 70 0.25 50 
3 Toluene 13 700 8200 (a) 1.23 45 0.10 50 
4 Dioxane 13 700 4500 (b) 1.16 45 0.10 50 
5 Dioxane 27 400 2700 (b) 1.20 70 0.10 100 
6 Bulk 13 700 8400 (b) 1.44 45 0.10 50 
a = THF-GPC; b= DMA-GPC 
All the reactions listed in Table 3.2 were conducted with BuPAT as CTA and AIBN as radical initiator. 
The initiator/CTA/IA ratio was altered between the different reactions (equivalents of CTA was 
always 1, the equivalents of initiator and monomer was altered) and also the solvent and reaction 
temperature were changed. Since the viscosity of the solutions did not alter during polymerization, 
longer reaction times were used and molecular weights were recorded after 24 h. From this table it is 
clear that  it is possible to obtain polymers using bis(1-ethoxyethyl)itaconate as monomer. However, 
again the yield and conversion were so low that the polymer could not be isolated and no polymer 
signals were observed in 1H-NMR analysis.  
When looking more closely to the polymers obtained, one can see that polymerization in toluene 
yields polymers with higher molecular weights than those obtained using dioxane as solvent. Since 
the monomer was a liquid, a bulk polymerization was also performed (entry 6). While similar 
molecular weights were obtained in comparison to the polymerization in toluene as solvent (see 
Entry 3), the dispersity was considerably higher, which could be ascribed to the solubility of the 
initiator in the liquid. When looking at entry 1 and 2, the only difference is the temperature of the 
reaction mixture. As can be observed, polymers with a higher molecular weight and a lower 
dispersity were obtained when using 70 °C instead of 45 °C. This could be ascribed to the initiator 
efficiency at that temperature. However, since the monomer is less stable at higher temperatures, 45 
°C was used in further experiments.  
Even though itaconic acid or esters from itaconic acid are capable of undergoing polymerization using 
RAFT, the conversions and yields were much too low to isolate the formed polymers. For this reason, 
acrylic acid (and its protected form 1-ethoxyethyl acrylate), will be used further on as hydrophilic 
monomer in the preparation of amphiphilic block copolymers.  
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3.2.5 Lauryl acrylate 
Lauryl acrylate is a bio-based acrylate that is derived from vegetable oils such as soybean, coconut, 
and palm kernel oil. The controlled homopolymerization of this monomer is already described in 
literature. Matyjaszewski et al. reported the use of ATRP for the synthesis of poly(lauryl acrylate)[55], 
while the group of Barner-Kowollik used RAFT to synthesize the polymer[56]. 
As described before, lauryl acrylate can be used in the synthesis of segmented polymer structures. 
For example, the monomer was grafted from a cellulose backbone using ATRP resulting in bio-based 
graft copolymers.[57] ABA type structures were obtained using poly(lauryl acrylate) as the middle 
block. The A-segments consisted of poly(ethylene terephtalate) in a first example[58], while in a 
second report poly(styrene) was applied as the outer blocks[59]. The middle poly(lauryl acrylate) 
segment was synthesized using ATRP or RAFT. Also block copolymers based on lauryl acrylate were 
synthesized. For example block copolymers consisting of lauryl acrylate and stearyl acrylate blocks 
were synthesized by the group of Nicol.[60] In this research lauryl acrylate will be used as the 
hydrophobic part of the amphiphilic block copolymer. The homopolymerization and subsequent 
chain extension reaction with 1-ethoxyethyl acrylate is described in section 3.3.2.  
3.3 Synthesis of amphiphilic AB structures from bio-acrylates 
For the synthesis of amphiphilic block copolymers, one should first select suitable monomers. Based 
on the results obtained in 3.2.3 and 3.2.4, the use of acrylic acid as the hydrophilic compound is 
preferable. Since the polymerization of acrylic acid with RAFT is already known, molecular weights 
can be altered easily and in the protected form, it can be combined with hydrophobic monomers 
without any difficulty. Additionally, deprotection occurs with a simple heating step. As a hydrophobic 
component, we selected lauryl acrylate since it is bio-based and it can be polymerized in a controlled 
manner. To the best of our knowledge, the synthesis of amphiphilic block copolymers based on lauryl 
acrylate and acrylic acid, where both monomers can be derived from renewable resources,  is not yet 
reported.  
3.3.1 Synthesis RAFT-agent 
The strategy chosen to synthesize the block copolymers was via a sequential monomer addition, with 
in between purification of the macro-RAFT agent. In the first trials, BuPAT was used as the chain 
transfer agent for the polymerization of 1-ethoxyethyl acrylate. The purification of the polymer was 
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followed by the polymerization of lauryl acrylate. Although this strategy was quite successful, some 
limitations were observed. First, purification of the homopolymer of EEA was quite difficult due to 
the very low glass transition temperature of the polymer, yielding a yellow oil. Purification by 
precipitation was tested, but even with cooling the non-solvent with liquid nitrogen, the polymer was 
hard to separate. Furthermore, when the homopolymer was stored for a longer time, deprotection 
started to occur and mixing the polymer with lauryl acrylate was impossible due to immiscibility.  
To overcome this purification issue, the order of polymerization was changed. Even though 
poly(lauryl acrylate) also has a low Tg (-55°C)[61], the Tg was higher than that of poly(ethoxyethyl 
acrylate), thus  the polymer could be collected by precipitation after cooling the solution with liquid 
nitrogen. Also, by firstly polymerizing the hydrophobic part, problems due to deprotection are 
bypassed. Theoretically it is possible to use BuPAT as CTA in the polymerization, however this would 
mean that after polymerization the carboxylic acid group of BuPAT would be positioned on the 
hydrophobic site. As this might have some effects on the dispersing properties, it was chosen to 
esterify this acid group with a more hydrophobic molecule. In this context, benzyl alcohol was used 
because the benzyl protons are easy distinguishable in NMR. The schematic reaction is represented 
in Figure 3.11. 
 
Figure 3.11: Synthesis of benzyl functionalized RAFT-agent. 
Esterification was done by means of a classical DCC coupling reaction. The reaction was performed 
on a 5 g scale and the compound was purified by column chromatography. In 1H-NMR the signals of 
the benzyl alcohol appeared at 5.2 ppm and 7.4 ppm and integrations were as expected (Figure 
3.12).  
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Figure 3.12: 1H-NMR of benzyl-BuPAT (CDCl3, 300 MHz). 
 
3.3.2 Synthesis of block copolymers 
Once the functionalized BuPAT was synthesized, it was used in the preparation of amphiphilic block 
copolymers. The general reaction scheme is depicted in Figure 3.13. First, the hydrophobic part of 
the block copolymer was synthesized. After purification of the obtained homopolymer, a chain 
extension reaction was performed with 1-ethoxyethyl acrylate. This protected form of acrylic acid is 
hydrophobic, thus problems due to immiscibility were avoided. After chain extension, the 
amphiphilic block copolymers were obtained by converting the hydrophobic EEA-segment into the 
hydrophilic acrylic acid form.  
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Figure 3.13: General reaction scheme to synthesize amphiphilic block copolymers based on lauryl acrylate 
and acrylic acid. 
 
In the next paragraphs, the synthetic strategy to obtain the block copolymers is described, followed 
by their characterization and possible applications. 
3.3.2.1 Synthesis poly(lauryl acrylate) 
As described before, the RAFT polymerizations were performed in Schlenk tubes that were fitted 
with magnetic stirrers. Oxygen was removed prior to polymerization by applying 4 freeze-vacuum-
thaw cycles. The monomer was passed over a basic aluminum oxide plug to remove inhibitor. 
Although bulk polymerizations are feasible with lauryl acrylate (LA), toluene was added as solvent to 
avoid stirring problems at higher molar masses. 
Depending on the application, different molar masses and different ratios in size of the hydrophilic / 
hydrophobic parts are needed. In order to obtain structures that can be used in different application 
areas, a small library of copolymers was synthesized. The study started with the targeted synthesis of 
three different molar masses for poly(lauryl acrylate), namely 5000, 10 000 and 15 000 g.mol-1. The 
synthesized polymers were analyzed with GPC and 1H-NMR. The obtained results are listed in Table 
3.3. The degree of polymerization (DP) was calculated from NMR where the signals of the BuPAT 
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group (COCHCH3 and SCH2CH2) were compared with the signals of lauryl acrylate (COOCH2). Using 
this DP, the molecular weight of the polymer could be calculated. Each polymer was subsequently 
used as macro-RAFT agent in the chain extension polymerization of EEA.  
Table 3.3: GPC and NMR results for the macro-RAFT agents. 
a THF-GPC 
 
3.3.2.2 Chain extension with 1-ethoxyethyl acrylate 
To synthesize a library of amphiphilic block copolymers, different amounts of EEA were used in the 
chain extension reaction. With each macro-RAFT agent, three chain extension reactions were 
performed. In the first reaction the DP of EEA was targeted to be the same as the one of lauryl 
acrylate. In the second one, a polymer with a DP of EEA that was half of that of the lauryl acrylate 
was aimed for. Finally, in the last reaction, block copolymers with a DP of EEA that was double of that 
of lauryl acrylate were targeted. In this way, block copolymers with a ratio of 
hydrophobic/hydrophilic content of 1 2⁄  - 
1
2⁄  ; 
1
3⁄  - 
2
3⁄  and 
2
3⁄  - 
1
3⁄  were targeted. Thus, different 
block copolymers were obtained, which not only differ in total molecular weight, but also in the 
hydrophobic/hydrophilic ratio. Since some chain extension reaction failed due to an old, inefficient 
initiator, preparation of poly(lauryl acrylate) and the corresponding block copolymers was again 
performed (entry 2 and 5 in Table 3.3 and entry 1, 3 and 7 in Table 3.4). The block copolymers were 
examined with both GPC and NMR. In NMR, broad signals appeared corresponding to the poly(EEA) 
segment. From these signals, the DP of EEA could be calculated as all the important signals were 
baseline separated. The obtained results are listed in Table 3.4.  
Entry Targeted Mn 
(g.mol-1) 
Mn (GPCa) 
(g.mol-1) 
Ð DP Mn (NMR) 
(g.mol-1) 
1 5000 5600 1.08 25 6300 
2 5000 3900 1.09 21 5300  
3 10 000 11 900 1.09 45 11 100 
4 15 000 13 500 1.12 60 14 800 
5 15 000 13 800 1.10 65 15 900 
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Table 3.4: GPC and NMR results for the obtained block copolymers after chain extension with 1-ethoxyethyl 
acrylate. 
 Entry DP lauryl 
acrylate 
Targeted 
DP EEA 
DP EEA 
(NMR) 
Mn blocka 
(GPC; g.mol-1) 
Ð block Mn blockb 
(NMR; g.mol-1) 
1 21 12 15 5100 1.24 9700 
2 25 25 26 8800 1.12 10 000 
3 21 100 96 / / 19 200 
4 45 22 15 11 400 1.2 13 300 
5 45 45 40 14 300 1.2 16 800 
6 45 90 73 / / 21 600 
7 65 33 28 16 900 1.32 19 900 
8 60 60 40 18 400 1.2 20 500 
9 60 120 99 / / 29 000 
a = THF-GPC; b= CDCl3, 300 MHz  
From the table it is clear that the targeted DP of EEA was not always achieved. This could result from 
the lower activity of the initiator or too low reaction times. Even though AIBN was always used as 
initiator, an old batch was sometimes used, resulting in bad initiating efficiencies, having an effect on 
the molecular weight of the polymer. Furthermore, reactions were quenched when monomer 
conversion would theoretically be quantitative. However, due to the inefficient initiator and the 
increase in viscosity, full conversion was not always achieved, resulting in a lower molecular weight 
than planned. The results for the molecular weight obtained from GPC were in accordance with the 
ones calculated from NMR. However, for the block copolymers in entry 3, 6 and 9, no GPC results 
were obtained because of the longer time between synthesis and GPC analysis. Although the 
polymers were stored in the fridge, already some PEAA segments were deprotected and could not be 
measured on the GPC system as they would stick onto the column.  
Although not all ratios hydrophobic/ hydrophilic content were obtained, a library of different block 
copolymers was realized. However, these block copolymers were still built from hydrophobic 
monomers. In the next part, the poly(ethoxyethyl acrylate) segments will be deprotected and the 
block copolymers will be tested on their ability to self-assemble in water. 
3.3.2.3 Conversion to amphiphilic structure and DLS measurements 
After the synthesis of the block copolymers using EEA as monomer, the final step is the conversion of 
this fully hydrophobic copolymer into an amphiphilic one. As described in literature (see 3.2.3) the 
conversion of 1-ethoxyethyl acrylate into acrylic acid (AA) can be done by a simple heating step. This 
deprotection can be performed in bulk as well as in solution. Since in other projects some insoluble 
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side products were formed when deprotection occurred in bulk (80 °C, vacuum oven), the removal of 
the ethyl vinyl ether protection group was conducted in solvent. The block copolymers were 
dissolved in THF and were refluxed for 3h. After this, the solvent was removed and the polymers 
were analyzed. In 1H-NMR, the characteristic signals of EEA at 3.35 ppm, 3.65 ppm and 5.8 ppm 
disappeared, indicating complete deprotection.  
After deprotection, the block copolymers were tested on their ability to form micelles in water. To 
prepare the micelles, an often used procedure in the lab was followed[62-63]: first 1.5 mg of the block 
copolymer was solubilized in 0.1 mL THF. This solution was then precipitated in 1 mL H2O. This 
polymer solution was heated at 40°C for 24h to evaporate the THF and filtered through Millipore 
membranes. The obtained fully clear solution was then subjected to DLS measurements at 20°C. 
Results obtained from the DLS measurement are listed in Table 3.5.  
Table 3.5: Micelle formation test. 
 Entry DP lauryl 
acrylate 
DP AA 
(NMR) 
Dh (nm) PDI 
1 21 15 138 0.26 
2 25 26 41 0.23 
3 21 96 26 0.34 
4 45 11 137 0.12 
5 45 40 137 0.15 
6 45 73 69 0.15 
7 65 28 74 0.21 
8 60 40 61 0.11 
9 60 99 74 0.25 
 
From the results listed in Table 3.5 no general conclusion can be drawn. Some polymers form 
structures with a diameter below 100 nm, while other polymers only form aggregates with a 
diameter up to 140 nm; all with reasonably narrow size distribution in between 0.1 and 0.3 (except 
entry 3). As expected, when starting from the same molecular weight of the hydrophobic segment, 
the diameter of the formed aggregate decreases when the length of the hydrophilic part increases. 
However, in entry 5, this phenomenon was not observed. Also, in entry 7 to 9 no large difference in 
diameter is observed although the amount of acrylic acid that is built in, differs a lot.  
These rather scattered results can be ascribed to the method of forming the polymer nanoparticles 
by precipitation of the polymer from a common solvent into the selective solvent leading to 
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kinetically trapped aggregates. Furthermore, the resulting solutions were filtered potentially leading 
to removal of some larger aggregates.     
3.4 Conclusion and outlook 
In this chapter, different project goals have been combined. First it was examined which bio-based 
acrylates were available for the synthesis of renewable amphiphilic block copolymers. The monomers 
of choice were acrylic acid (in its protected form), lauryl acrylate and itaconic acid. All monomers 
were first tested on their ability to be polymerized via the RAFT polymerization, using a carboxylic 
acid containing RAFT-agent that was made on large scale. For 1-ethoxyethyl acrylate as well as lauryl 
acrylate, good results were obtained. In the case of itaconic acid, different pathways were tested, but 
the conversion and yield remained too low. For this reason, lauryl acrylate and acrylic acid were 
chosen as the monomers for the block copolymers based on bio-based acrylates.  
The synthesis of the block copolymers started with the polymerization of lauryl acrylate with an 
adapted RAFT-agent. Different molecular weights of poly(lauryl acrylate) were prepared. These 
polymers were then used in a chain extension reaction with 1-ethoxyethyl acrylate. To obtain a small 
library of different block copolymers, different lengths of hydrophobic to hydrophilic segments were 
prepared. After deprotection of PEEA chains into the hydrophilic poly(acrylic acid) form, the block 
copolymers were tested on their self-assembly properties using DLS. From these measurements, no 
unambiguous conclusion can be drawn.  
First of all, the DLS measurements should be repeated on nanoparticles prepared by slow addition of 
a non-solvent to the polymer solution in a good solvent. When good DLS results are generated and it 
is clear which block copolymers are promising for forming stable micelles, the next step would be to 
perform emulsion stabilization tests. In this stage of the project, the amounts produced were too low 
to perform those experiments. In such tests, typically a water-decane mixture is stabilized by the 
block copolymer. The time needed to have 10% demixing is a measure for the emulsifying properties 
of the block copolymer.[64] Other tests, like dispersing colorants and visualization of the micelles using 
for example (cryogenic) TEM, would also give a better insight in the properties of the different block 
copolymers.  
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3.5 Experimental section 
3.5.1 Materials 
Acrylic acid (Aldrich, 99%) Ethyl vinyl ether (Aldrich, 99%), Phosphoric acid (Aldrich, >99.99%), 
Hydrotalcite (Aldrich), Phenothiazine (Fluka, >98%), NaOH (Aldrich, >98%), Butanethiol (Aldrich, 
99%), Carbon disulfide (Aldrich, anhydrous, >99%), 2-Bromopropanoic acid (Aldrich, 99%), HCl (Fluka, 
37%), Benzylalcohol (Aldrich, anhydrous, 99.8%), N,N’-dicyclohexyl carbodiimide (Acros, 99%), 4-
dimethyl aminopyridine (Fluka, >99%), Itaconic acid (Aldrich, >99%), acetone (Aldrich, HPLC grade), 
hexane (Aldrich, HPLC grade), dichloromethane (Aldrich, HPLC grade), methanol, (Aldrich, technical 
grade), were used as received. 
2,2’-Azobis(isobutyronitrile) (AIBN) (Aldrich) was recrystallized twice from methanol, itaconic 
anhydride was recrystallized from diethyl ether and lauryl acrylate (Aldrich, 90%) was filtered over 
basic Aluminum oxide before use. Toluene (Aldrich, HPLC grade) was dried over sodium. 
3.5.2 Characterization  
1H-NMR 
1H-NMR spectra were recorded in CDCl3 (Euriso-top) on a Bruker AVANCE 300 (300 MHz) NMR 
spectrometer.  
Gel permeation Chromatography 
GPC analyses were performed on an Agilent (Polymer Laboratories) PLGPC 50 plus instrument, with a 
RI detector and equipped with 2  x PLgel 5 µm MIXED-D columns at 40 °C. Calibration was performed 
with PMMA standards and THF (stabilized with BHT, Biosolve) was used as a solvent at a flow rate of 
1 mL.min-1. Samples were injected with a PL-AS RT auto sampler. Molecular weight and dispersities 
were determined using Empower software.  
Dynamic light scattering 
1.5 mg of block copolymer was dissolved in 0.1 mL THF and precipitated in 1 mL H2O. Subsequently, 
the polymer solution was heated at 40°C for 24h to evaporate THF and filtered through Millipore 
membranes prior to measurement. DLS measurements were performed on a Zetasizer Nano series of 
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Malvern. The measurement was done under an angle of 137°, using a He-Ne laser as the light source 
and the data was processed with Zetasizer software.  
3.5.3 Synthesis 
3.5.3.1 Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) 
DDMAT was synthesized as described in literature.[18] Dodecane thiol (1.34 g, 6.59 mmol) was added 
to a stirred suspension of K3PO4 (1.02 g, 6.59 mmol) in acetone and stirred for ten minutes. CS2 (1.37 
g, 17.97 mmol) was added. After stirring for ten minutes, 2-bromo isobutyric acid (1.00 g, 5.99 mmol) 
was added and precipitation of KBr was noted. After the halide addition, the reaction mixture was 
allowed to stir for 13 hours. The solvent was removed under reduced pressure and the residue was 
extracted into CH2Cl2 (2 x 100 ml) from 1M HCl (100 ml). The organic extracts were washed with 
water (100 ml) and brine (100 ml). The solvent was removed under reduced pressure and the residue 
was purified by column chromatography on silica using ethyl acetate. 
3.5.3.2 Synthesis of 2-{((butylsulfanyl)carbonothioyl)sulfanyl}propanoic acid (BuPAT) 
BuPAT was synthesized as follows. A 50% NaOH solution (32.00 g, containing 16.00 g NaOH) was 
added to a stirred mixture of butanethiol (36.00 g, 400 mmol) and water (60 mL). To this mixture 
acetone (20 mL) was added, and the resulting clear, colorless solution was stirred for 30 min. This 
solution was cooled to room temperature and treated with carbon disulfide (27 mL, 34.2 g, 450 
mmol) to give a clear orange solution. After stirring the solution for 30 min, it was cooled in an ice 
bath to an internal temperature of <10°C. 2-Bromopropanoic acid (62.73 g, 410 mmol) was then 
added at such a rate that the temperature did not exceed 30°C followed by 50% NaOH (32.80 g, 410 
mmol), also added at such a rate that the temperature did not exceed 30°C. After the addition, the 
ice bath was removed and 60 mL extra water was added. The reaction was left stirring for 24 h at 
room temperature. The following day,100 mL water was added and the mixture was again cooled 
below 10°C, while adding 10 M HCl (60 mL) at a rate which kept the temperature <10°C. A yellow oil 
separated, and stirring of the mixture was continued at ice temperature until the oil solidified. The 
precipitate was collected by filtration after which the yellow solid was recrystallized from hexane. 
(yield: > 80%) 1H NMR (300 MHz, CDCl3, ppm): δ 4.87 (q, 1H, SCH), 3.37 (t, 2H, CH2S), 1.69 (quint, 2H, 
CH2CH2S), 1.63(d, 3H, SCHCH3), 1.44 (sext, 2H,CH3CH2CH2), 0.94 (t, 3H, CH3CH2). 13C NMR (CDCl3, 
ppm): δ221.8 (C=S), 177.3 (C=O), 47.5 (SCH), 37.2 (CH2S), 30.0(CH2CH2S), 22.1 (CH3CH2), 16.7 
(SCHCH3), 13.6 (CH2CH3). 
Chapter 3 
 
78 
 
3.5.3.3 Synthesis of 1-ethoxyethyl acrylate 
Under a nitrogen atmosphere, 1.0 mol (68.6 mL) of acrylic acid was added slowly at 0 °C to a mixture 
of 1.2 mol (114.9 mL) of ethyl vinyl ether and 0.002 mol (0.2 g) of phosphoric acid as a catalyst. The 
mixture was stirred at room temperature for 48 h. The catalyst was then absorbed on Mg6Al2(OH)16-
CO3.4H2O. After filtration the excess vinyl ether was evaporated. The product was distilled at reduced 
pressure with phenothiazine as inhibitor. The boiling point was 47°C (18 mbar). Yields are about 90%. 
3.5.3.4 Synthesis of bis(1-ethoxyethyl) itaconate 
Under a nitrogen atmosphere, 0.154 mol (20 g) of itaconic acid was added to 50 mL dichloromethane  
and cooled to 0 °C. To this mixture 0.369 mol (26.4 g) of ethyl vinyl ether and 0.62 mmol (0.062 g) of 
phosphoric acid as a catalyst was added. The mixture was stirred at room temperature for 48 h. The 
catalyst was then absorbed on Mg6Al2(OH)16-CO3.4H2O. After filtration the excess vinyl ether was 
evaporated. The product was purified over basic aluminum oxide and washed three times with 
dichloromethane. Yields are about 90%. 1H-NMR (300 MHz, CDCl3, ppm) : δ  1.14 (q, 6 H, CH3-CH2-O-
CH), 1.30 (q, 6 H, CH3-CH2-O-CH-CH3), 3.25 (m, 2H, O=C-CH2-C=CH2), 3.45 (m, 2H, CH3-CH2-O), 3.65 
(m, 2H, CH3-CH2-O), 5.65 (s, 1H, CH2=C), 5.90 (2m, 2H, O-CH-O), 6.30 (s, 1H, CH2=C). 
3.5.3.5 Synthesis of benzyl-BuPAT 
BuPAT (1 eq, 5g, 21 mmol) is dissolved in 60 mL dry DCM together with benzylalcohol (1.2 eq, 2.73g, 
25 mmol) and DMAP (0.4 eq, 1.025g, 8.4 mmol). To this mixture DCC (1.25 eq, 5.41g, 26 mmol) is 
added. The mixture is stirred for 3 days at room temperature. The mixture was filtered over basic 
Al2O3 to remove the formed dicyclohexylurea. Afterwards, the mixture was purified by column 
purification using hexane / ethyl acetate (98/2) as eluens. (yield: 91%) 1H NMR (300 MHz, CDCl3, 
ppm): δ 7.40 (m, 5H, benzyl), 5.20 (s, 2H, CH2OCO), 4.87 (q, 1H, SCH), 3.37 (t, 2H, CH2S), 1.69 (quint, 
2H, CH2CH2S), 1.63(d, 3H, SCHCH3), 1.44 (sext, 2H,CH3CH2CH2), 0.94 (t, 3H, CH3CH2). 
3.5.3.6 RAFT polymerization of lauryl acrylate  
A typical polymerization was as follows: first lauryl acrylate was filtered over a plug of basic 
aluminium oxide to remove the present inhibitor. A Schlenk-tube was filled with benzyl-BuPAT (1 eq, 
0.1 g,  0.35mmol), AIBN (0.1 eq, mg, 0.035 mmol), lauryl acrylate (100 eq, 5 g, 35 mmol) and 6 mL of 
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dry toluene. The mixture was degassed via 4 freeze-pump-thaw cycles. Subsequently, the tube was 
brought to 70°C for 7 h. The mixture was precipitated in water and dried in vacuo. 
3.5.3.7 RAFT polymerization of itaconic acid  
A typical polymerization was as follows: a Schlenk-tube was filled with BuPAT (1 eq, 36.6 mg,  0.5 
mmol), AIBN (0.1 eq, 2.56 mg, 0.015 mmol), itaconic acid (100 eq, 2 g, 15 mmol) and 12 mL dioxane 
or 5 mL of DMF (depending on the solubility). The mixture was degassed via 4 freeze-pump-thaw 
cycles. Subsequently, the tube was brought to 45 °C or 70 °C for 24 h.  
3.5.3.8 RAFT-polymerizations 
A Schlenk-tube was filled with macro-CTA (1 eq, 0.5 g, 0.05 mmol CTA), AIBN (0.1 eq, 0.82 mg, 0.005 
mmol), 1-ethoxyethyl acrylate (100 eq, 0.72 g, 5 mmol) and 3 mL of dry toluene. The mixture was 
degassed via 4 freeze-pump-thaw cycles. Subsequently, the tube was brought to 70°C for 1 to 4 h 
depending on the increase in viscosity. The mixture was precipitated in water and the precipitate was 
dissolved in as little as possible toluene or THF for storage. 
3.5.3.9 Deprotection of the poly(ethoxyethyl acrylate) block 
The block copolymers were dissolved in 10 mL THF and refluxed for 4 h at 70 °C. Afterwards THF was 
removed under vacuum. 
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Abstract 
Amphiphilic ABA triblock copolymers were synthesized by combining two polymerization processes, 
namely Acyclic Diene Metathesis reaction (ADMET) and Reversible Addition Fragmentation chain 
Transfer polymerization (RAFT). Starting with the B-segment, the ADMET bulk polymerization of 
undecyl undecenoate was performed for which an alkene containing RAFT-agent was used as 
functional chain stopper. This symmetric polyester, possessing trithiocarbonate moieties at each 
chain end, was subsequently used as a macro chain transfer agent (CTA) in a chain extension reaction 
to obtain poly(acrylic acid) A-blocks. The polymers prepared thereof were characterized with nuclear 
magnetic resonance spectroscopy and size exclusion chromatography. The amphiphilic character of 
those triblock copolymers were studied with micelle formation tests, measured with dynamic light 
scattering.  
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Chapter 4: ABA triblock copolymers by 
combining ADMET and RAFT 
 
 
 
 
4.1 Introduction 
After the synthesis of amphiphilic block copolymers in chapter 3, triblock copolymers are synthesized 
and investigated on their ability to serve as surface active compounds. Triblock copolymers have 
become an attracting topic in polymer technology due to the fact that these structures consist of 
covalently-bound thermodynamically incompatible homopolymers. These systems show distinct 
macromolecular behaviors such as the formation of microstructures, both in bulk and solution.[1-4] 
This phase separation enables quite interesting applications: both bulk as well as more advanced 
applications are possible. For example, amphiphilic triblock copolymers are used in drug delivery 
systems,[5-6] while ABA block copolymers consisting of A blocks with a high Tg and B blocks with a low 
Tg were shown to serve as thermoplastic elastomers and are industrially applied (eg SBS TPE’s).[7-10]  
As described in chapter 2, the first triblock structures were prepared by using the anionic 
polymerization technique.[11] However, since this technique had some drawbacks, the applications 
thereof remain limited.[12] To overcome the problems related to the anionic polymerization, other 
polymerization methods were applied for the synthesis of triblock copolymers. These methods 
include controlled radical polymerization techniques (CRP), olefin metathesis reactions and ring 
opening polymerizations. By changing the polymerization method, a higher efficiency, a better ability 
to operate in more moderate reaction conditions and a greater morphological diversity was targeted.  
With the discovery of the CRP techniques, an increase in the number and diversity of triblock 
copolymers was achieved. RAFT for example has been used to build ABA structures, using different 
synthetic strategies[9, 12-13], where a difunctional chain transfer agent was used frequently. For 
example, using the latter strategy Perrier et al. synthesized two types of ABA structures, consisting of 
poly(butyl methacrylate)-b-poly-(methyl methacrylate)-b-poly(butyl methacrylate) and poly(butyl 
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acrylate)-b-poly(methyl methacrylate)-b-poly-(butyl acrylate).[12] The same strategy was used by 
Robertson et al. where ABA structures consisting of poly(styrene) A-blocks and poly(lauryl acrylate-
co-stearyl acrylate) B-blocks were prepared. These structures were tested as thermoplastic 
elastomers.[9] In a last example, triblock copolymers consisting of a poly(di(ethylene glycol) methyl 
ether methacrylate) center block and poly(4-vinylimidazole) external blocks were reported.[14] 
Besides the use of CRP, step-growth polymerization techniques are also used to produce triblock 
copolymers. One of these techniques is the Acyclic Diene Metathesis (ADMET) polymerization where 
α,ω-diene monomers are polymerized with the aid of an olefin metathesis catalyst, yielding high 
molecular weight unsaturated polymers.[15-16] The ABA triblock copolymers using the ADMET method, 
were obtained using a polymeric chain stopper. For example, the group of Meier synthesized 
amphiphilic ABA triblock copolymers in one pot by combining 10-undecyl 10-undecenoate with 
poly(ethylene glycol)methyl ether acrylate as chain stopper.[17] Similarly, other amphiphilic triblock 
copolymers were synthesized by Ding et al. consisting of poly(phosphoester) A-blocks and 
poly(ethylene glycol) B segments.[18] Here, poly(ethylene glycol) methyl ether acrylate was also used 
as chain stopper in the polymerization of an α,ω-diene phosphate.  
When using only one polymerization method, the choice of monomers is limited. By combining 
different polymerization techniques, monomers with different polymerizable groups can be mixed. In 
this way, a new array of ABA triblock copolymers is possible to obtain. However, when combining 
two distinct polymerization methods, different post polymerization modification reactions are often 
needed. For example, Nomura et al. started with the synthesis of poly(9,9-di-n-octylfluorene-2,7-
vinylene) after which the vinyl end groups were transformed into ATRP initiator groups, which were 
used to polymerize styrene.[19] In another report, ADMET was combined with the living 
polymerization of R-amino acid-N-carboxyanhydrides, where different post modification reactions 
were necessary to obtain the desired functionalities.[20] Both metathesis degradation reactions as 
well as ring opening metathesis polymerization (ROP) are already combined with the RAFT technique. 
In the first case, natural rubber (cis-1,4-polyisoprene) was transformed into a CTA-containing 
polymer by metathesis degradation of the rubber using Grubbs second generation catalyst and a 
bistrithiocarbonyl-end functionalized olefin. This CTA functionalized poly(isoprene) was subsequently 
used in a RAFT polymerization of tert-butyl acrylate.[21] In the second case, 1,5-cyclooctadiene was 
polymerized by ring opening metathesis reaction in the presence of a trithiocarbonate functionalized 
acylic olefin, reacting as a chain stopper. The produced telechelic polybutadienes bearing 
trithiocarbonate end groups were subsequently used in the polymerization of styrene.[22]  
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The combination of RAFT and ADMET to synthesize ABA triblock copolymers has to the best of our 
knowledge not yet been reported, even though the coupling of the two polymer types in ABA 
structures could be very interesting in view of the wide range of (renewable) monomers that can be 
polymerized. When combining these polymerization methods, different requirements should be kept 
in mind. For example, reaction conditions should be simple to make the process upscalable. Also the 
functionalization reactions should be efficient, thus a high yield can be obtained. Often it is difficult 
to polymerize different monomer types together. In our case, acrylates and olefins will be linked 
together, thus a solution to mix these monomers will be necessary. By incorporation of RAFT agents 
at the chain ends of the ADMET polymer and a subsequent chain extension, a new synthesis method 
is presented.  
Thus, in this chapter we will describe the synthesis of ABA triblock copolymers by combining the 
ADMET process with RAFT. In a first step a linear polyester is synthesized using ADMET as 
polymerization tool and a compound based on 10-undecenoic acid as renewable monomer. During 
this polymerization, a CTA containing chain stopper is used to introduce the trithiocarbonate group 
at the chain ends. After polymerization, this so-called Macro-RAFT agent is used in the 
polymerization of a bio-based acrylate to form the desired ABA triblock structures (Figure 4.1).  
 
 
Figure 4.1: General reaction scheme to obtain ABA triblock copolymers by combining ADMET and RAFT. 
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4.2 Synthesis of hydrophobic middle block via ADMET 
The goal in this project is to make amphiphilic ABA triblock copolymers starting with an ADMET 
polymer that is end capped with RAFT-agent groups. In this way, the chain ends can be used to 
mediate RAFT polymerization in a subsequent step to prepare the ABA copolymer structures. In 
ADMET, terminal dienes are polymerized in a step-growth manner, driven by the released ethylene 
gas. A first step in the synthesis of the hydrophobic middle block is the synthesis of the monomer, a 
bio-based diene. After the synthesis of the monomer, also a CTA functionalized monomer is 
prepared. Both components are then combined in an ADMET polymerization to obtain the desired 
hydrophobic polyester, end capped with RAFT-agent groups. 
4.2.1 Synthesis of bifunctional monomer (M1) 
Based on 10-undecenoic acid and 10-undecenol, derivatives of castor oil, a bifunctional monomer 
was synthesized. Two synthetic strategies were tested. In the first reaction, a classical esterification 
reaction was performed using DCC (N,N'-dicyclohexylcarbodiimide) and DMAP (4-
dimethylaminopyridine). Dichloromethane was used as solvent and the product was purified by 
column chromatography.  
Because of the use of chlorinated solvents and an extra purification step, a second reaction method 
was tested. Using the procedure published in 2008 by the group of Meier, the bifunctional monomer 
10-undecyl 10-undecenoate (M1) was synthesized.[17] In a first step, 10-undecenoic acid is converted 
into methyl 10-undecenoate by refluxing the monomer in methanol for 4 h. The product is purified 
by passing it over a basic aluminum oxide plug. Both the acid as well as the excess of methanol is 
retained onto the column. The product, methyl 10-undecenoate, is then reacted with 10-undecenol 
by a transesterification reaction using 1,5,7-triazabicyclo[4.4.0]dec-5-ene as catalyst. Purification of 
the desired product was also done by passing the mixture over a plug of basic aluminum oxide. The 
overall yield of the second synthetic method was high (> 90%) and the product is pure, as 
demonstrated by NMR-analysis in Figure 4.2. 
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Figure 4.2: 1H-NMR of 10-undecyl 10-undecenoate (300 MHz, CDCl3). 
 
4.2.2 Synthesis of functional chain stopper (M2) 
When combining two types of polymerization methods for the synthesis of ABA triblock copolymer 
structures, often a post polymerization modification reaction is needed to transform the obtained 
polymer in the first stage into an initiator/ mediator for the polymerization of the second monomer. 
In this chapter, the goal was to bypass this post polymerization modification reaction and find a way 
to build in the desired functionality during the first polymerization. This is done by adding a 
functionalized chain stopper in the ADMET polymerization of 10-undecyl 10-undecenoate, where the 
functionality is used in the second polymerization.  
When using the RAFT method as second polymerization technique, chain transfer agents should be 
introduced at the chain ends of the ADMET polymer. This can be done by introducing a terminal 
double bond into a suitable RAFT-agent. After this modification, the RAFT-agent has only one side 
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that can react in the ADMET polymerization and therefore will react as a chain stopper. Also here, 
BuPAT is used since it polymerizes acrylates well and it contains a carboxylic acid function that can be 
used to modify the agent.[23] Since it is difficult to bring polyacrylates and polyesters together in one 
structure due to the difference in hydrophobicity, care should be taken when choosing the acrylate. 
In this project 1-ethoxyethyl acrylate will be used, since it is compatible with the hydrophobic 
polyester part, and it can easily be transformed into the hydrophilic acrylic acid form by a simple 
heating step.[24]  
10-Undecenol is a long chain bio-based unsaturated alcohol where both the alcohol functionality as 
well as a terminal alkene are present in one monomer. The choice for this compound was made, so 
the chain stopper would be compatible with the ADMET monomer (M1). Reaction between the 
carboxylic acid of BuPAT and the hydroxyl group of 10-undecenol was performed using the DCC 
coupling, forming UND-RAFT (Figure 4.3).  
 
Figure 4.3: Synthesis of UND-RAFT by esterification reaction between BuPAT and 10-undecenol. 
 
The synthesis was performed on 5 g scale and the compound was purified by column 
chromatography with an overall yield of 90%. The structure was investigated by LC-MS and NMR. In 
1H-NMR the signals of both BUPAT (3.3 ppm and 4.7 ppm) and 10-undecenol (1.9 ppm; 4.1 ppm; 4.9 
ppm and 5.8 ppm) appeared and integrations were as expected (Figure 4.4). LC-MS analysis showed a 
pure compound. 
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Figure 4.4: 1H-NMR of UND-RAFT (300MHz, CDCl3). 
 
To test the reactivity of UND-RAFT for the RAFT polymerization of acrylates, the agent was used to 
polymerize 1-ethoxyethyl acrylate (EEA). This monomer is also the monomer that will be used later 
on in the project. Standard reaction conditions were used ([M/I/UND-RAFT][100/0.1/1]). After 6 
hours of reaction, polymers were obtained with molecular weights of 12 000 g.mol-1 and dispersities 
of 1.15. 
Next to the polymerization ability of UND-RAFT, the stability of the trithiocarbonate was tested at 
elevated temperatures for a couple of hours to make sure that no side reactions would occur during 
the ADMET process. This degradation phenomenon of RAFT agents was observed by Zhou et al. 
where degradation already started at 120 °C.[25] To see if degradation also occurs at 80 °C, a small 
amount of UND-RAFT was heated at that temperature for 3 hours. NMR showed no side products; all 
the signal integrations remained the same. 
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4.2.3 Synthesis of CTA end functionalized polyester (P1) 
After the synthesis and the purification of both the monomer as well as the functionalized chain 
stopper, a first attempt to synthesize the telechelic polyester was started. Since ADMET is a type of 
step-growth polymerization, normally a functionality of 2 is needed in the monomers to obtain high 
molecular weight polymers. Thus, the addition of a chain stopper will lower the average functionality 
below 2 and as such also the maximal molecular weight of the polymers. By tuning the amount of 
chain stopper in the monomer feed, the molecular weight of the polymer can be adjusted. In our 
case polymers with molecular weights around 10 000 g.mol-1 were targeted since the polymers are 
easy to handle and precipitate, while the end-groups are still visible in NMR-spectrum. To achieve 
this molecular weight, the following parameters were used, based on previous reported 
polymerizations: chain stopper 6.5 mol%; catalyst (Zhan-1C) 1 mol% and benzoquinone 2 mol% 
(Figure 4.5).[26]  
  
 
Figure 4.5: Reaction scheme to synthesize RAFT end capped polyester with ADMET. 
 
All the components were mixed with a magnetic stirrer and the mixture was put in an oil bath, 
preheated at 80 °C. Bubbles immediately appeared, indicating the formation of ethylene gas and as 
such progression of the reaction. After 30 min, vacuum was applied to further remove the formed 
ethylene gas and to push the reaction to completion. Because the viscosity didn’t increase that much, 
the reaction was continued for 18 h. GPC results showed polymer formation with a molecular weight 
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of 5300 g.mol-1 and a dispersity of 1.78. However, in 1H-NMR it was observed that there were still 
terminal double bonds present, indicating an incomplete conversion of the monomers (85%) (Figure 
4.6). 
 
Figure 4.6: 1H-NMR of the first polymerization of M1 and M2. Clearly unreacted terminal double bonds are 
still present (300MHz, CDCl3). 
  
The presence of these signals of the terminal double bonds shows that complete end capping of the 
polymer with RAFT-groups was not successful and a mixture of AB and ABA block copolymers would 
be obtained after chain extension. This phenomenon was further investigated to find out the main 
cause. 
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4.2.4 Synthesis of CTA-end functionalized polyester: optimizing the parameters  
It is essential in this project that full conversion of the terminal double bond is achieved to obtain 
fully end capped polymers that can lead to ABA triblock copolymers. During the previous 
polymerization attempts, some unreacted terminal double bonds were still available. To overcome 
this problem, different adjustments were done to optimize the polymerization. The parameters that 
were changed are listed below. 
4.2.4.1 Changing the catalyst 
To exclude catalyst activity, a second catalyst was used for the reaction. The catalyst of choice was 
the Hoveyda-Grubbs 2nd generation catalyst, since this catalyst is known to be one of the most 
applied and active olefin metathesis catalyst (Figure 4.7).  
 
Figure 4.7: Chemical structure of ADMET catalyst used in this project. 
 
The polymerization with the new catalyst was conducted, using the same reaction conditions as 
before. In NMR, the signals of the terminal double bonds were still visible after reaction and the 
conversion calculated was in the same range as with the other catalyst (86%).  
 
4.2.4.2 Viscosity 
A potential problem during polymerization is the increase in viscosity, whereby difficulties with the 
mobility of unreacted chain ends will occur. To overcome this problem, two different solutions were 
proposed. In the first trial, the reaction was conducted in solution using DCM as solvent instead of 
performing the reaction in bulk. DCM was chosen as solvent due to its synergistic effect on the 
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catalyst. By adding a solvent, the mobility of the chains increase. However, restrictions towards 
temperature are applicable. The reaction temperature was set on 40 °C instead of 80 °C. 
Characterization of the polymer in NMR showed a conversion of 88% after 24 h.  
A second option was investigated to overcome viscosity problems. This was not done by adding 
solvent to the mixture, but by changing the way of stirring. While magnetic stirring bars stop stirring 
when the viscosity is too high, mechanical stirrers can be used with high viscous materials. Because 
the polymerizations are done on a small scale (> 5 g) and it must be possible to apply vacuum, 
commercially available stirrers were not an option. For this reason, a mechanical stirrer and glass 
reactor were made in-house (Figure 4.8).  
 
Figure 4.8: In-house made glass reactor and mechanical stirrer. 
Although a slightly better conversion was achieved (92%), still too much unreacted terminal double 
bonds were present.  
4.2.4.3 Interaction of RAFT-function with catalyst 
Since the change in catalyst, amount of chain stopper or stirring method did not have the desired 
outcome, a next parameter that was checked was the used chain stopper. The monomer, UND-RAFT, 
contains a trithiocarbonate functionality. It was already confirmed that this functionality is capable of 
polymerizing acrylates and that it can survive longer times of heating. The Hoveyda-Grubbs 2nd 
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generation catalyst is reported to be capable of catalyzing reactions where for example ester, 
hydroxyl and ether functionalities are present.[17, 27-28] However, an interaction between the catalyst 
and the trithiocarbonate function may occur, which could alter the catalyst activity.[22]  
To test whether the incomplete conversion of the terminal double bonds is due to the presence of 
the trithiocarbonate, the same reaction conditions were applied to a reaction where UND-RAFT was 
replaced by another chain stopper, namely ethylene glycol methyl ether acrylate. This monomer was 
chosen because it was already used successfully as chain transfer agent.[17-18] The 1H-NMR results of 
this reaction showed that full conversion of the terminal double bonds was achieved, thus indirectly 
indicating a possible interaction of the trithiocarbonate group with the catalyst. 
To confirm this hypothesis, UND-RAFT and methyl-undecenoate were tested in a self-metathesis 
reaction. Both monomers have the same reactive double bond that is used in the metathesis 
reaction, however UND-RAFT still contains the trithiocarbonate. The monomers were mixed with the 
Hoveyda-Grubbs 2nd generation catalyst and reacted for 3 hours at 80 °C. After 3 hours, the catalyst 
was deactivated with 50 eq of ethyl vinyl ether and the reaction mixture was examined with 1H-NMR. 
After the reaction with methyl-undecenoate, no terminal double bond signals were observed, thus 
complete conversion was reached. On the other hand, 1H-NMR analysis of the reaction of UND-RAFT 
still showed a lot of unreacted double bonds (Figure 4.9).  
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Figure 4.9: 1H-NMR of the reaction mixture after the self-metathesis of UND-RAFT (CDCl3, 300 MHz). 
From this, we can confirm that the RAFT-agent survives the reaction conditions but interacts with the 
catalyst. This phenomenon was also observed by Mahanthappa et al. [22] In their research, 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) was used as chain transfer agent, 
which also contains a trithiocarbonate functionality like BuPAT. As catalyst, Grubbs 2nd generation 
catalyst was used instead of the Hoveyda-Grubbs 2nd generation used in our project. However, the 
same observation was made with regard to the inactivation of the catalyst.  
4.2.4.4 Sequential catalyst addition 
Although the trithiocarbonate survives the reaction conditions, it was found that some interaction 
with the catalyst occurs, whereby the catalyst loses its properties and the polymerization stops. 
Because a high conversion of terminal double bonds is needed in this project to obtain ABA triblock 
copolymers, in the next section, it was proposed to add more catalyst in sequential steps to bypass 
this problem. 
Chapter 4           
98 
 
In the following reactions, 7 mol% of chain stopper was always used in combination with undecyl 
undecenoate, the Hoveyda-Grubb’s 2nd generation catalyst and mechanical stirring. At first, the same 
amount of catalyst was additionally added after 3 hours, after which the reaction continued for 2 
more hours. Already some improvement in conversion and molecular weight was observed, however 
quite some unreacted double bonds were still visible in NMR (entry 1, Table 4.1). In a second 
attempt, extra catalyst was added, but also longer reaction times were used. Both the molecular 
weight as well as the conversion increased. On the other hand, the dispersity increased as well and 
furthermore it was not possible to find the signals of UND-RAFT in NMR anymore. Even though this 
can be ascribed to the high molecular weight, it is possible that the used reaction conditions (36 h at 
80 °C) resulted in some side reactions. To be sure that no unwanted reactions occurred, reaction 
times were shortened in the next reactions and catalyst was added every hour. 
Table 4.1: Results from the sequential catalyst addition. 
Entry Initial mol% 
catalyst 
Extra catalyst addition  (mol% / time) Conversiona Mpb 
(g.mol-1 / Ð) 
1 1 1 / 3h /  95% 11200/2.10 
2 1.5 1.5 / 8h 1.5/ 24h  97% 18200/2.66 
3 1 1 / 1h 1/ 2h  92% 9300/2.03 
4 1 1 / 1h 1 / 2h  91% 8700/1.60 
5 0.5 0.5/0.5h 0.5/1h 0.5/1.5h 0.5/2h 0.5/2.5h 99% 14100/1.89 
a  calculated from 1H-NMR 
b  measured in THF GPC.  
CAUTION: These values are only indicative and only the difference in molecular weight should be taken into account because 
the baseline during GPC measurement was not stable and the GPC traces were not always baseline separated.  
 
In reaction 3 and 4 (entry 3, 4, Table 4.1), catalyst was added every hour. To see how fast the catalyst 
is deactivated, in reaction 4 the catalyst was deactivated before new catalyst was added, while in 
reaction 3, the new catalyst was added without first deactivating the present one. Using GPC, a nice 
shift in retention times (and Mn) was observed for both polymerizations. Comparing the results, it is 
clear that killing the catalyst in between additions only has a small effect on the final result. However, 
apparently a small portion of the catalyst is still active when adding fresh one, giving rise to a slightly 
higher molecular weight in reaction 3 (entry 3, Table 4.1). Very few terminal double bonds remained 
in this case. 
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In the last reaction (entry 5, Table 4.1), the same amount of catalyst was used (3 mol% in total), but 
now divided over more addition times (0.5 mol% every half hour). The catalyst was not deactivated 
in between different additions, so active catalyst still present could further catalyze the reaction. The 
reaction was conducted on a larger scale (5 g instead of 1 g) to diminish the weighing errors and the 
Zhan-1C catalyst was again used. This change in catalyst was done because this catalyst is much 
cheaper and a large difference in activity was not observed compared to the Hoveyda-Grubbs 2nd 
generation. After reaction, a sample was taken for NMR to calculate the conversion after which the 
polymer was collected by precipitation in cold methanol and was investigated by GPC. The polymer 
had a molecular weight of 12 000 g.mol-1 with a dispersity of 1.89. In NMR, only a very small amount 
of unreacted terminal double bonds were visible. This polymer still contained the trithiocarbonates 
and as such acts as a macro-RAFT agent that can be used in a subsequent chain extension reaction. 
 
4.3 Chain extension using RAFT (P2) 
The synthesis of the hydrophobic polyester using ADMET, where conversions of the terminal double 
bonds of 99% could be reached, is now used to prepare ABA triblock copolymers. In theory, almost 
all polymers are end capped with a trithiocarbonate that is still capable of mediating a RAFT 
polymerization of an acrylate. Also here 1-ethoxyethyl acrylate is chosen as monomer, because of its 
compatibility with the hydrophobic polymer, after which it can be transformed into the hydrophilic 
acrylic acid form (vide supra).  
For this chain extension reaction using the Macro-RAFT agent, standard RAFT reaction conditions 
were applied. Different reactions were performed, but no significant increase in Mn was observed in 
GPC and no signals of poly(ethoxyethyl acrylate) were found in 1H-NMR. In previous reactions it was 
found that UND-RAFT was active towards RAFT before the ADMET polymerization. However, after 
incorporation into the polymer backbone, mediation of the RAFT polymerization failed. 
From the product obtained from the self-metathesis of UND-RAFT (see 4.2.4.3) it was observed that 
the reactivity of the product towards RAFT reappeared after purification by column chromatography. 
This is probably because the Ru-catalyst is removed in this step. It looks like the trithiocarbonate 
group interacts with the catalyst, making the catalyst inactive for ADMET, but on the other hand the 
interaction also deactivates the chain transfer properties. For this reason, the Macro-RAFT agent 
synthesized by ADMET was purified prior to reaction by passing it over a plug of silica. The Ru-
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catalyst sticks on the column, after which the built-in RAFT groups are again available for mediating 
the RAFT-reaction.  
After column purification, the Macro-RAFT agent has been used for the polymerization of EEA. Again 
the same reaction conditions as before were used (M/I/RAFT-agent = 100/0.1/1). The results of the 
different chain extensions are listed in Table 4.2 and an example of the chromatograms is given in 
Figure 4.10. 
Table 4.2: GPC results from the chain extension of the Macro-RAFT agent (B-block) with 1-ethoxyethyl 
acrylate. 
Entry Mn B-block (g.mol-1) / Ð Target Mn ABA  (g.mol-1) Mna ABA (g.mol-1)/ Ð 
1 6000 / 2.04 34 800 9200 / 5.55 
2 12 100 / 1.86 40 900 26 000 / 6.45 
3 7300 / 2.05 36 100 14 800 / 3.95 
a measured with THF GPC. 
 
Figure 4.10: GPC chromatogram of the chain extension of the macro-RAFT agent with EEA (entry 1 in table 4.2) 
There is a clear shift in molecular weight from the Macro-RAFT agent after reaction, indicating chain 
extension. However, when looking more closely to the values of the dispersities, it is clear that side-
products are formed. Indeed, different possible side reactions could have occurred. First of all there 
is the probability of the formation of both ABA and AB copolymers. Since the conversion of the 
terminal double bond was not 100%, some polymer chains were not end-capped with a chain 
transfer agent. By performing the chain extension reaction, only the polymers that contain two 
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terminal RAFT end groups, will give rise to the formation of ABA block copolymers. Polymers 
containing only one or no RAFT end groups will not or only partially participate in the chain extension 
reaction and as such contribute to the broadening of the dispersity. Furthermore, even if the 
polymer is end-capped with two RAFT end groups, there is a chance that chain extension did not 
occur. Moreover, although the Ru catalyst was removed from the Macro-RAFT agent by passing it 
over silica, some traces of catalyst may still be present and as such block the activity of some 
trithiocarbonates. Also in this case a mixture of AB and ABA block copolymers will be formed during 
the reaction, broadening the dispersity.  
Besides the formation of a mixture of ABA and AB block copolymers, other side products could be 
created during chain extension. For example, the internal double bonds can also participate in a 
radical reaction, generating graft copolymers in the mixture. Also some backbiting reactions may 
have occurred, forming some graft copolymers as unwanted side products. The formation of these 
side products will affect the dispersity of the mixture, which will be much higher than expected for a 
controlled polymerization.      
From the table we can conclude that a mixture of different types of copolymers is formed during the 
chain extension reaction. Thus, not only ABA triblock copolymers, but also AB block copolymers and 
graft copolymers are present in the mixture. In the next parts, the copolymer mixtures will be used as 
such and the effect on the micelle formation ability is tested. 
4.4 Preparation of amphiphilic triblock copolymers (P3)  
After the synthesis of the copolymers, the final step in the preparation of amphiphilic triblock 
copolymers is the deprotection of the poly(EEA) segments into hydrophilic poly(acrylic acid) chains. 
According to literature, deprotection can be carried out via a simple heating step.[24, 29-30] Based on 
previous projects, less side reactions occur when deprotection is performed by dissolving the 
copolymer in a solvent (THF or DMF) and refluxing the solution until full deprotection is achieved.[31] 
A conclusive proof of deprotection was found in 1H-NMR. A broad signal at around 12 ppm appeared, 
which was ascribed to the carboxylic acid proton of acrylic acid while the signals at 3.35 ppm, 3.65 
ppm and 5.8 ppm, which are ascribed to ethoxyethyl groups, were not detected anymore in the 
spectrum of P3.  
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Since a mixture of copolymers was obtained and not only amphiphilic triblock copolymers, only a 
small micelle formation test was performed. For this test, 1.5 mg of the triblock copolymer (entry 1, 
table 4.2) was solubilized in 0.1 mL THF. This solution was then precipitated in 1 mL H2O, after which 
the polymer solution was heated at 40 °C for 24 h to evaporate the THF and filtered through 
Millipore membranes. As expected only aggregates were formed instead of micelles (vide supra).  
4.5 Conclusion  
In this chapter, the first steps toward a new synthetic pathway for the synthesis of triblock 
copolymers by combination of ADMET and RAFT polymerizations is described. In this method a 
carboxylic acid containing RAFT agent is firstly reacted with 10-undecenol to be transformed into a 
functionalized chain stopper. This CTA is still capable of mediating a RAFT polymerization of acrylates. 
Furthermore, due to the introduction of 10-undecenol, this monomer can act as a chain stopper in an 
ADMET polymerization. The synthesized chain stopper was subsequently combined with undecyl 
undecenoate in an ADMET polymerization to obtain an α,ω-bistritihiocarbonate-end functionalized 
telechelic hydrophobic polyester. A conversion of the terminal double bounds up to 99% was 
achieved and molecular weights ranging from 6 000 to 12 000 g.mol-1 were achieved.  
Since the polymer contains RAFT agent end groups, it is possible to use this polymer as a macro-RAFT 
agent in a chain extension polymerization with 1-ethoxyethyl acrylate. 1H-NMR and SEC analysis 
proved reaction, however, the high dispersity of the formed copolymers indicated the presence of 
side reactions. Indeed, since no complete conversion of the terminal double bonds was achieved, 
together with an inadequate purification of the ADMET catalyst and side reactions during radical 
chain extension reactions, a mixture of ABA triblock copolymers, AB block copolymers and graft 
copolymers is most probably obtained.  
It is clear that, although the proposed synthetic pathway is far from optimal, a straightforward 
method could be obtained when the hurdles in the approach are eliminated. First of all, full 
conversion of the terminal double bond should be achieved. By adding more catalyst and elongate 
the reaction times, this might be accomplished. Furthermore, the purification step to remove the Ru-
catalyst should be repeated, to make sure that all the catalyst is removed before a chain extension 
reaction is performed. A possible way to avoid the formation of graft copolymers is the 
hydrogenation of the internal double bonds before the RAFT polymerization.   
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4.6 Experimental section 
4.6.1 Material 
10-Undecen-1-ol (TCI chemicals, > 98%), Dichloromethane (DCM) (Aldrich, HPLC grade), Dichloro[[5-
[(dimethylamino)sulfonyl]-2-(1-methylethoxy-O)phenyl]methylene-C](tricyclohexylphosphine) 
ruthenium(IV) (Zhan Catalyst-1C, Aldrich, 95%) and (1,3-Bis-(2,4,6-trimethylphenyl)-2-
imidazolidinylidene)dichloro(o-isopropoxyphenylmethylene) ruthenium (Hoveyda-Grubbs Catalyst 
2nd Generation, Aldrich, 97%), ethylene glycol methyl ether acrylate (Aldrich, 98%), Ethyl vinyl ether 
(EVE) (Aldrich, 99%, contains 0.1% KOH as stabilizer), Aluminium oxide (Aldrich, activated, basic, 
Brockmann I), N,N’-dicyclohexyl carbodiimide (DCC) (Acros, 99%) and 4-dimethyl aminopyridine 
(DMAP) (Fluka, > 99%)  were used as received.  
2-{[(Butylsulfanyl)carbonothioyl]sulfanyl}propanoic acid (BuPAT)[23], 1-ethoxyethyl acrylate (EEA)[24] 
and undecyl undecenoate[17] were prepared following a literature procedure. 2,2’-
Azobis(isobutyronitrile) (AIBN) (Aldrich) was recrystallized twice from methanol. Benzoquinone 
(Aldrich, reagent grade), Toluene (Aldrich, HPLC grade) was dried over Na and dichloromethane 
(Aldrich, HPLC grade) was used from a Meyer solvent system and aluminum oxide drying column  
4.6.2 Characterization  
1H-NMR 
1H-NMR spectra were recorded in CDCl3 (Euriso-top) on a Bruker AVANCE 300 (300 MHz) NMR 
spectrometer. Chemical shifts (d) are reported in parts per million relative to the internal standard 
tetramethylsilane (TMS, d =0.00 ppm). 
Size Exclusion Chromatography 
Size Exclusion Chromatography (SEC) analyses were performed on an Agilent (Polymer Laboratories) 
PLGPC 50 plus instrument, with a RI detector and equipped with 2  x PLgel 5 µm MIXED-D columns at 
40 °C. Calibration was performed with polystyrene and PMMA standards and THF (stabilized with 
BHT, Biosolve) was used as a solvent at a flow rate of 1 mL.min-1. Samples were injected with a PL-AS 
RT auto sampler. Molecular weight and dispersities were determined using Cirrus software. 
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Dynamic light scattering 
1.5 mg of triblock copolymer was dissolved in 0.1 mL THF and precipitated in 1 mL H2O. 
Subsequently, the polymer solution was heated at 40 °C for 24 h to evaporate THF and filtered 
through Millipore membranes prior to measurement. DLS measurements were performed on a 
Zetasizer Nano series of Malvern. The measurement was done under an angle of 137°, using a He-Ne 
laser as the light source and the data was processed with Zetasizer software.  
4.6.3 Synthesis 
4.6.3.1 Synthesis UND-RAFT (M3) 
BuPAT (1 eq, 5 g, 21 mmol) is dissolved in 60 mL dry DCM together with undecenol (1.2 eq, 4.29 g, 25 
mmol) and DMAP (0.4 eq, 1.025 g, 8.4 mmol). To this mixture DCC (1.25 eq, 5.41 g, 26 mmol) is 
added. The mixture is stirred for 3 days at room temperature. The mixture was filtered over basic 
Al2O3 to remove the formed dicyclohexylurea. Afterwards, the mixture was purified by column 
purification using hexane / ethyl acetate (98/2) as eluens. (yield: 91%)  
1H NMR (300 MHz, CDCl3, ppm): δ 5.85–5.76 (m, 1H, CH=CH2), 5.00 – 4.91 (m, 2H, CH=CH2),  4.87 (q, 
1H, SCH), 4.15 (t, 2H, CH2OCO), 3.37 (t, 2H, CH2S), 2.00 (m, 2H, CH2CH=CH2), 1.80-0.75 (m, 21H, 
aliphatic CH2 and CH3). 13C NMR (CDCl3, ppm): δ 221.8 (C=S), 177.3 (C=O), 139.0 (CH=CH2), 114.1 
(CH=CH2), 60.7 (CH2OCO), 47.5 (SCH), 37.2 (CH2S), 34.1 (CH2), 33.7 (CH2), 30.0 (CH2CH2S), 29.2 (CH2), 
29.1 (CH2), 29.0 (CH2), 28.8 (CH2), 24.8 (CH2), 22.1 (CH3CH2), 16.7 (SCHCH3), 13.6 (CH2CH3). LC-MS 
(ESI): m/z = 391, calc. 390.66 
 
4.6.3.2 Synthesis Macro-RAFT agent (P1) 
 A general procedure was as follows: a dry Schlenk-tube was filled with undecyl undecenoate (1 eq), 
UND-RAFT (0.0065 eq) and p-benzoquinone (when used, BQ, 0.02 eq) and the mixture was stirred till 
everything was dissolved. The catalyst (0.01 eq) was added while stirring the mixture and bubbles 
appeared. The mixture was put at 80 °C under 20 mbar. After 1 hour reaction, the vacuum was 
increased to 0.6 mbar. The reaction was quenched with ethyl vinyl ether (EVE, 50 eq, considering the 
catalyst amount) in THF and precipitated into cold methanol.  
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4.6.3.3 Synthesis Macro-RAFT (P2), sequential catalyst addition 
A general procedure was as follows: a dry Schlenk-tube was filled with undecyl undecenoate (1 eq) 
and UND-RAFT (0.0065 eq). The catalyst (0.005 eq) was added and a mechanical stirrer was fitted on 
to the tube. The mixture was stirred and put at 80 °C under 20 mbar for 15 min. After the 15 min the 
vacuum was increased to 0.6 mbar and the reaction was further stirred for 45 min. After 1 h of 
reaction, extra catalyst (0.005 eq) was added by dissolving it in small amount of dry DCM. The 
mixture was stirred for 15 min under 20 mbar to remove the DCM and then further reaction took 
place under 0.6 mbar. This was repeated until 0.03 eq catalyst was added. After the last catalyst 
addition, the mixture was stirred for 1 h at 80 °C. Next the mixture was cooled to room temperature 
and the reaction was quenched with ethyl vinyl ether (EVE, 50 eq, considering the catalyst amount) 
in THF and precipitated into cold methanol.  
4.6.3.4 Chain extension from Macro-RAFT (P3) 
First the Macro-RAFT agent was dissolved in THF and filtered over a plug of silica. A Schlenk-tube was 
filled with Macro-RAFT (1eq), AIBN (0.2 eq), 1-ethoxyethyl acrylate (200 eq) and 6 mL of dry toluene. 
The mixture was degassed via 4 freeze-pump-thaw cycles after which it was brought to 70 °C for 6 h. 
The mixture was precipitated in cold methanol.  
4.6.3.5 Deprotection of pEEA outer segments 
P3 (0,5 g) was dissolved in 10 mL THF and refluxed for 3 h at 60 °C. Afterwards THF was evaporated 
under vacuum. 
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Abstract 
In this chapter, the thiol-ene/-yne reaction was attempted for the synthesis of amphiphilic graft 
copolymers. The strategy to prepare such graft polymers involves the grafting onto method. The 
hydrophobic polyester backbones were prepared from different functionalized monomers. 
Successful modification of the polymer backbones was accomplished using low molecular weight 
compounds, resulting in a clear change in hydrophobicity as compared to the unmodified material. 
On the other hand, when the thiol-ene /-yne chemistry was tested for linking the functionalized 
polymer backbones with end functionalized polymeric grafts, this reaction was not successful, mainly 
as a result of incompatibility issues.  
 
Part of this research was published in “Toward Functional Polyester Building Blocks from Renewable 
Glycolaldehyde with Sn Cascade Catalysis” (ACS Catal. 2013, 3, 1786−1800). 
 
 109 
 
Chapter 5: Synthesis of graft copolymers 
using the grafting onto strategy 
 
 
 
5.1 Introduction 
Emulsifiers usually consist of a hydrophobic and a hydrophilic part, in which both segments can be 
polymeric. Originally, amphiphilic block copolymers were used to stabilize emulsions.[1-3] Later, it was 
shown that amphiphilic graft copolymers or more complex structures were even more beneficial in 
stabilizing emulsions or dispersions.[4] As mentioned in Chapter 2, graft copolymers can be 
synthesized using three distinct strategies: grafting onto; grafting from and grafting through. In this 
chapter, the focus will be on the grafting onto method.  
In the grafting onto approach, the polymer segments, both the backbone and the grafted chains, are 
synthesized separately before being covalently linked together. The separate synthesis of all 
macromolecular components allows detailed analysis of the individual chains before they are 
coupled together. From this, it is clear that, in this approach, both segments should contain 
functional groups that are compatible and can react in a fast and efficient way. It is therefore not 
surprising that in this grafting onto approach, mostly click reactions are used to combine the 
segments, since click reactions are both efficient and selective. The most popular click reaction used 
to synthesize graft copolymers is the azide alkyne (CuAAC) reaction.[5-7] For example in our group, 
Van Camp et al. coupled alkyne functionalized poly(acrylic acid) grafts onto an azide functionalized 
poly(methyl methacrylate) backbone.[8] In another research, a polycarbonate backbone containing 
two pendant azido groups per backbone unit was synthesized and combined with an alkynyl-
terminated poly(styrene).[9]  
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The previous examples started form fossil fuel based monomers. However, some (partially) bio-based 
examples can be found using the azide – alkyne reaction. For example, an amphiphilic graft 
copolymer based on an amylose backbone was prepared by coupling of an azide end functionalized 
poly(butyl methacrylate) with an alkyne-functionalized amylose backbone.[10] Also, alkynyl modified 
chitosan oligomers were grafted onto a poly(caprolactone) backbone bearing pendant azide groups, 
to obtain amphiphilic graft copolymers with potential uses in drug delivery.[11] Different other 
examples can be found.[12-14]  
Besides the CUAAC reaction, other efficient grafting reactions can be used in the grafting onto 
approach. For example, the reaction between an isocyanate and a hydroxyl functionality was used to 
combine castor oil with poly(lactic acid). Here a hydroxyl end functionalized PLLA was synthesized 
where the hydroxyl groups were reacted with an excess hexamethylene diisocyanate. The formed 
isocyanate containing PLLA was subsequently coupled to castor oil producing branched PCO-g-PLLA 
copolymers.[15]  
Although the concept behind the grafting onto method has the advantage of simplicity and general 
applicability, the strategy also has limitations, e.g. steric hindrance and inefficient coupling due to 
dilution of reactive moieties limits the grafts to low molecular weight polymer synthons.  Therefore, 
in many cases, the grafting density is relatively low compared to other approaches and a difficult 
purification step is usually necessary to remove unreacted homopolymer.[16]  
The thiol-ene/-yne reaction, quite popular since a decade now, is used intensively to couple low 
molecular weight compounds onto polymer backbones. However, this reaction has not yet been 
described for graft copolymer preparation to our knowledge. In this part of the research, we wanted 
to test the thiol-yne grafting for the synthesis of graft copolymers to establish its scope and 
limitations with regard to molecular weight and functionality of the synthons. 
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5.2 Synthesis of a hydrophobic polymer backbone 
When synthesizing graft copolymers, using the grafting onto method, the two polymer segments are 
prepared separately. In addition, both polymers should bare compatible functional groups that are 
reacted after purification to obtain the desired graft copolymers. In this part, the synthesis of the  
hydrophobic polyester backbone will be described.  
As coupling reaction of choice, the thiol-ene /-yne reaction was selected because the reaction does 
not require any harmful catalyst. Hence, the incorporation of alkenes / alkynes or thiols on the 
polymer backbone is necessary. Although incorporating thiols on the polymer backbone is feasible,  
disulfide formation is expected, which would result in crosslinking. To avoid this issue, polyesters 
bearing alkene or alkyne moieties were selected. Such compound can be stored for a longer time 
without the formation of any undesired side products. The thiols will be made on demand, just 
before the grafting reaction, by aminolysis of a trithiocarbonate containing a hydrophilic 
polyacrylate, hereby avoiding the problem of disulfide formation upon storage of the corresponding 
free thiols.  
5.2.1 Synthesis of functionalized monomers 
In order to create polyesters onto which polyacrylates can be grafted, an appropriate monomer must 
first be selected containing all the necessary functionalities. Here, the polyesters will be synthesized 
in two different ways: i) the direct melt polyesterification reaction between diols and dicarboxylic 
acids and ii) the polyesterification reaction of an α-hydroxy acid using a solvent for azeotropic 
removal of the formed water.  
In the first case a diol or dicarboxylic acid must be provided with a reactive moiety. The most 
convenient way to synthesize functional carboxylic acids is the use of malonic ester synthesis. 
However, the resulting functional dicarboxylic acids are very prone to undergo decarboxylation, 
therefore the corresponding diols were prepared instead. In Figure 5.1 different types of 
functionalized monomers are listed.  
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Figure 5.1: Different functionalized monomers that have been incorporated into polyesters. 
Two diols bearing alkyne functionalities will be used, namely 2‐methyl‐2‐propargyl‐1,3‐propanediol 
(MPPD) and 2,2‐dipropargyl‐1,3‐propanediol (DPPD). These diols have the advantage that each 
alkyne moiety can in principle react with two thiol-functionalized polyacrylates, and as such increase 
the number of incorporated hydrophilic grafts, provided that steric hindrance does not prevent the 
formation of such a densely grafted structure. On the other hand, MAPD, 2-methyl-2-allyl-1,3-
propanediol, was synthesized and incorporated into the polymer backbone to check the difference in 
reaction rate. Furthermore, the bio-based dicarboxylic acid fumaric acid (FA) was also incorporated 
into the polymer backbone. This monomer is often used for the synthesis of unsaturated polyesters, 
after which the unsaturation is used in a subsequent crosslinking reaction.[17-18] Using this 
unsaturation to functionalize the polymer backbone with other molecules, is not yet reported to our 
knowledge.  
A different method for synthesizing polyesters is using α-hydroxy acids as AB-type monomer. Here, 
the difficulties concerning perfect stoichiometry are bypassed since the monomer contains both the 
diol as well as the carboxylic acid moiety. An example of such a monomer is lactic acid. Although 
poly(lactic acid) is mostly prepared by the ring opening polymerization of the cyclic derivative 
(lactide), it can be prepared by direct polycondensation (see 2.1.2.3). The addition of AA or BB type 
monomers will disturb the stoichiometry, leading to a lower molecular weight. Therefore, it is 
necessary to synthesize a functionalized α-hydroxy acid that can be used in a copolymerization 
reaction. In collaboration with Dr. ir. Michiel Dusselier from the Center of Surface Chemistry and 
Catalysis from the KU Leuven, 2-hydroxy-3-butenoic acid (or vinyl glycolic acid, VG) was synthesized 
and incorporated into a polyester backbone (Figure 5.1). 
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5.2.1.1 Functionalized diols  
Based on a previous doctoral thesis, MPPD has been synthesized.[19] The starting material is diethyl 
methylmalonate, a commercially available compound that is prepared from diethyl malonate. This 
last compound occurs naturally in grapes and strawberries as a colorless liquid with an apple‐like 
odor, and is used in perfumes. Using this starting compound, MPPD is prepared via a two-step 
procedure (Figure 5.2). The synthesis starts with the abstraction of the α‐proton with a base. In the 
previous work, it was found that treating a solution of diethyl methylmalonate in dry THF with 
sodium hydride at 0 °C  and subsequent alkylation of the formed enolate with 1.1 eq of propargyl 
bromide at 70 °C, resulted in the formation of diethyl-2-methyl-2-propargylmalonate in good yield 
(>85%). Subsequent LiAlH4 reduction in dry diethyl ether at room temperature gave, after workup 
and recrystallization from toluene, 2‐methyl‐2‐propargyl‐1,3‐propanediol as a white crystalline solid. 
 
 
Figure 5.2: Synthesis of MPPD starting from diethyl methylmalonate. 
 
The other compounds, MAPD and DPPD, are synthesized in a similar manner (Figure 5.3). For the 
synthesis of MAPD, the starting compound is the same as for MPPD, namely diethyl methylmalonate. 
Under identical reaction conditions (NaH in dry THF), 1.1 eq of allyl bromide is added. The obtained 
functionalized diester is subsequently reduced with LiAlH4 to the desired diol. In the NMR spectrum, 
clear allyl signals are observed between 5 and 6 ppm (Figure 5.4). All other signals were assigned and 
integration values were as expected. Some diethyl ether was still present in the mixture.  
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Figure 5.3: Two-step synthesis for MAPD and DPPD. 
The same process was applied to diethyl malonate for the synthesis of DPPD, using propargyl 
bromide to alkylate the product. This reaction was already performed in the research group.[20]  From 
the starting product, it is clear that two propargyl functionalities are built in the molecule instead of 
only one, so that in later stages during the post modification reactions, more thiols can react.  
 
Figure 5.4: 1H-NMR of MAPD in CDCl3. 
All three functionalized diols, together with fumaric acid, are used in a polyesterification reaction 
with 1,4-butanediol and adipic acid as comonomers. The synthesis and characterization of these 
polymers will be explained in section 5.2.2.1.  
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5.2.1.2 Functionalized α-hydroxy acid 
Besides the addition of functionalized diols in a typical AA-BB type polyesterification reaction, the 
incorporation of a functionalized α-hydroxyl acid in the polycondensation reaction of lactic acid is a 
valid method to obtain functionalized polyesters. Pure PLA does not contain any functionality on the 
polymer backbone that can be used in a post modification reaction. Thus, to alter the properties of 
PLA, some functionalities should be built in. Already some examples can be found in literature where 
a functionalized lactide is used during a ring opening polymerization to add useful functional 
groups.[21-22] However, in this project lactic acid is directly polymerized with a classical 
polycondensation reaction. To functionalize this backbone, a renewable functionalized α-hydroxy 
acid is synthesized, which can be incorporated into the PLA backbone. 
The synthesis of the monomer, 2-hydroxy-3-butenoic acid, or vinyl glycolic acid (VG) (Figure 5.1) 
starts from the renewable monomer glycolaldehyde. This compound can be obtained from glycose[23] 
and is also one of the major products obtained by pyrolysis of biomass residue[24-25]. The synthesis of 
vinyl glycolic acid was carried out at the Center for Surface Chemistry and Catalysis (KULeuven). For 
all optimized reaction conditions and detailed catalytic information, the reader is referred to the 
original paper.[26] In short, a novel catalytic route was discovered where via a one-pot catalytic 
conversion of glycolaldehyde, different four-carbon α-hydroxy acids were obtained through a 
complex cascade network. One of the obtained products was MVG, methyl vinyl glycolate, which is 
converted into vinyl glycolic acid by hydrolysis and is afterwards combined with lactic acid to produce 
vinyl functionalized PLA.  
5.2.2 Synthesis of functionalized hydrophobic polyesters 
After the synthesis of MPPD, MAPD and DPPD, as well as VG, the monomers are added as a 
comonomer to commercially available bio-derived reactants. In this way aliphatic polyesters with 
pendant alkyne / alkene groups are formed, which can be used as the grafting onto substrates. 
Depending on the actual strategy, as will be discussed in the following sections, different types of 
copolymers with a wide spectrum of physicochemical properties can be prepared.    
5.2.2.1 Polyesters starting from diols and diacids 
Starting with the different functionalized monomers, synthesized in section 5.2.1.1, a series of 
copolyesters were prepared, all based on poly(butylene adipate) (PBAd). This polyester was chosen 
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because its monomers, 1,4-butanediol (BDO) and adipic acid (AdA) can be made from renewable 
resources.[27-28] During this synthesis, part of the 1,4-butanediol and adipic acid is replaced by 
functionalized monomers and this in different ratios. By doing this, different polyesters were 
prepared in which the degree of functionalization could be altered.   
The polymerization technique used in this part consists of a typical two-step melt polycondensation 
reaction (Figure 5.5). The polymerization takes place in a 100 mL glass batch reactor. This reactor was 
fitted with a mechanical stirrer, a Vigreux column and a Dean‐Stark‐type condenser to collect the 
condensation product (water). First all components are mixed: this includes monomers, catalyst 
(tetrabutoxytitanium, TBT or Ti(OBu)4) as well as hydroquinone. The latter is added (10 mol% 
according to functional group) to avoid crosslinking of the alkynes / alkenes at higher temperature.[29] 
During the first stage of polymerization -the esterification stage- the temperature is increased slowly 
to allow reaction between the carboxylic acid and the diols. Also, when heating the mixture too fast, 
not only water will evaporate, but also the excess butanediol will be removed. In this step, the 
mixture is flushed with inert gas to limit oxidation and to facilitate the removal of the formed water 
vapor. The reaction mixture is kept at a temperature of 200 °C for 2 hours to remove water and to 
form low molecular weight polymers. To increase the molecular weight of the polymers, a vacuum is 
applied in the second step to remove the last traces of water and to push the reaction to completion.  
 
Figure 5.5: Synthesis of functionalized PBAd using a two-step melt polycondensation reaction. 
After polymerization, the crude polyester mixture was dissolved in chloroform and precipitated in 
cold methanol. By repeating this precipitation, both the catalyst and hydroquinone were removed. 
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Hydroquinone does not participate in the polymerization, even though it contains hydroxyl 
functionalities. This was also observed earlier and is ascribed to the fact that the phenolic hydroxyl 
functionality in hydroquinone shows a very low reactivity toward carboxylic acids, even at high 
temperatures.[30] 
The obtained polymers were dried and analyzed with NMR and GPC. From 1H-NMR it is possible to 
calculate the amount of functionalized diol incorporated into the polymer backbone. When using 
MPPD for example, this is done by integration of the signal of the alkyne at 2.9 ppm (C≡C‐H from 
MPPD) against the signal of the protons of butanediol at 4.0 ppm (CH2CH2CH2CH2). The results are 
listed in Table 5.1.  
Table 5.1: NMR and GPC results for the functionalized aliphatic polyesters. 
Entry Diol Feed ratio % incorporateda Mn (g.mol-1)b Ð 
1 MPPD AdA/BDO/MPPD 
1 / 0.85 /0.25 
23.9 30 000 2.15 
2 MPPD AdA/BDO/MPPD 
1 / 0.95 /0.15 
13.9 22 500 2.22 
3 MAPD AdA/BDO/MAPD 
1 / 0.95 /0.15 
14.5 10 600 2.12 
4 DPPD AdA/BDO/DPPD 
1 / 0.95 /0.15 
/ Crosslinked / 
5 Fumaric acid AdA/FA/ BDO 
0.5 / 0.5 /1.1 
44.8 23 900 1.83 
a Calculated from 1H-NMR  
b CHCl3 GPC with polystyrene standards 
 
From the table it is clear that MPPD and MAPD are  clearly incorporated into the polymer backbone. 
Also, the amount of incorporated functionality can easily be adjusted by altering the amount in the 
feed. However, the incorporation of DPPD into the polyester was not successful. Although a high 
concentration of hydroquinone was added, a crosslinked material was obtained. Although the 
material  could not be analyzed due to solubility problems, a possible explanation for the crosslinking 
was found in the cycloaddition of the alkyne groups, forming a network. 
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In the following parts, the polyesters containing MPPD and MAPD were used as polymer backbone 
for the synthesis of amphiphilic graft copolymers.  
 
5.2.2.2 Polyesters starting from α-hydroxy acids 
After the synthesis of 2-hydroxy-3-butenoic acid, the functionalized polymer was prepared by 
copolymerizing the vinyl containing monomer with lactic acid. This polymerization was performed in 
p-xylene to remove the formed water via an azeotropic distillation and SnCl2.2H2O served as a 
catalyst.[31] Different monomer ratios of lactic acid to 2-hydroxy-3-butenoic acid (vinyl glycolic acid) 
were polymerized. In the first polymerization only lactic acid was used, while the second one had a 
monomer composition of vinyl glycolic acid/lactic acid of 1:10. In the last polymerization, the amount 
of vinyl glycolic acid was doubled to a composition of 2:10. After polymerization, the polymers were 
precipitated in cold methanol and dried in vacuum. The polymerizations were done at the KULeuven, 
after which the samples were analyzed in our research group. The polymers obtained after 
precipitation were examined with both GPC and NMR.  
Examination of the polymers with 1H-, 13C- and 2D NMR (HSQC) proved the successful incorporation 
of the vinyl monomer (Figure 5.6 and Figure 5.7). By combining the different techniques, all the 
signals could be assigned and integrations of the signals were performed. The signals of vinyl glycolic 
acid (Hc, Hd, He and Hf) are situated in the region between 5 and 6 ppm. Comparing the integration 
values of these signals with the integrations of the protons of lactic acid (Ha and Hb), the amount of 
incorporated vinyl glycolic acid was calculated. It was determined that addition of 10 mol% VG in the 
monomer feed resulted in copolymers PLA-co-VG containing 7% VG. When starting with 20 mol% VG 
in the monomer feed, it was found that 12% of VG was successfully incorporated into the polymer 
backbone.   
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Figure 5.6: 1H-NMR spectra of PLA-co-VG_7% in CDCl3 with the zoomed region between 5 and 6 ppm. 
 
 
Figure 5.7: 13C-NMR spectra of PLA-co-VG_7% in CDCl3. 
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After analysis with NMR, the polymers were also investigated by GPC. The results are listed in Table 
5.2. The obtained polymers had molecular weights in the range of 12 000 to 17 000 g.mol-1, with 
dispersities that are slightly lower than expected for polycondensation reactions (here between 1.45 
and 1.90). In further research, the polymer PLA-co-VG_12% (Table 5.2, entry 3) was used because of 
its higher degree of functionalization.  
Table 5.2: Results for the copolymerization of lactic acid with vinyl glycolic acid in different monomer 
compositions. 
Entry Reference mol% VG in feed mol% incorporateda Mn (g.mol-1)b Ð 
1 Pure PLA 0 0 17 100 1.90 
2 PLA-co-VG_7% 10 7 14 500 1.66 
3 PLA-co-VG_12% 20 12 12 600 1.45 
a Calculated from 1H-NMR  
b CHCl3 GPC with polystyrene standards 
 
5.3 Synthesis of thiol-containing poly(acrylic acid) 
After the synthesis of the hydrophobic polyester backbone bearing pendant alkene/alkyne 
functionalities, the second step in the synthesis of amphiphilic graft copolymers consists of the 
preparation of a thiol end-functionalized hydrophilic polyacrylate. This will be done by synthesizing 
the polyacrylate by RAFT. After the reaction, the trithiocarbonate can be easily transformed into a 
thiol by reaction with an amine. As in previous chapters, acrylic acid is chosen as the best candidate, 
however, also here the problem of difference in hydrophobicity will occur. The use of the protected 
form of acrylic acid, namely 1-ethoxyethyl acrylate, is therefore a convenient method to overcome 
this problem. 
5.3.1 Synthesis of poly(ethoxyethyl acrylate) with RAFT 
As mentioned in chapter 3, it is possible to polymerize 1-ethoxyethyl acrylate using the RAFT 
strategy. The same reaction conditions were applied using BuPAT as chain transfer agent. By 
changing the ratio of BuPAT to monomer, polymers with molecular weights ranging from 8000 to 
14 000 g.mol-1 were obtained. Dispersities were as expected and always lower than 1.2.  
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The polymers were always produced ‘on demand’ and consumed entirely within one grafting onto 
reaction. Before the conversion of the trithiocarbonate into a thiol end group, the polymers were 
precipitated into cold methanol, decanted and dried in the vacuum oven at 40 °C (to avoid 
deprotection). 
5.3.2 Conversion of trithiocarbonate into thiol via aminolysis  
After polymerization, the trithiocarbonate function of BuPAT is still available at the PEEA chain ends. 
To convert this group into the desired functionality, a post polymerization modification reaction has 
to be performed. It is known that amines can react with the trithiocarbonate, resulting in a thiol end 
functionalized polyacrylate and butyl N-propylcarbamodithioate.[32] For this reaction, the polymer is 
dissolved in a solvent (THF, toluene, …) and flushed with N2 to prevent disulfide formation 
afterwards. To this mixture, 20 eq[32] of propylamine are added (Figure 5.8) and the reaction is stirred 
at room temperature.  
 
Figure 5.8: Aminolysis reaction of PEEA with propylamine. 
The trithiocarbonate has a distinct bright yellow color that fades when the aminolysis reaction is 
proceeding. When the solution is completely colorless, it is an indication that all the trithiocarbonate 
has reacted and the aminolysis is complete. This can be observed visually, but can also be followed in 
a more quantitative way using an UV-Vis spectrometer, especially since the absorption maximum of a 
trithiocarbonate lies at 310 nm with a tail that extends into the visible region. After aminolysis, when 
all trithiocarbonate is transformed into thiol, no absorbance is observed in that region (Figure 5.9). 
After the deprotection of the thiol functions, the polymers were precipitated in cold methanol, 
decanted and used immediately in the grafting onto reaction (see section 5.4.2) 
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Figure 5.9: UV-Vis absorbance of PEEA before and after aminolysis. 
 
5.4 Preparation of amphiphilic graft copolymers 
5.4.1 Grafting small molecules onto backbone 
In this first part, the modification of the vinyl containing PLA with small molecules was tested. By 
reaction of the functionality on the polymer backbone with some small molecules, it is possible to 
improve some of the properties of pure PLA. For example, pure PLA is hydrophobic and in some 
applications, a more hydrophilic PLA is desirable. With the addition of some hydrophilic compounds, 
the hydrophilicity can be influenced.  
5.4.1.1 Coupling reaction using thiol-ene  
By incorporating vinyl moieties into the PLA backbone, the polymer becomes susceptible to thiol-ene 
reactions. To prove the accessibility and reactivity of the functionalities, UV-irradiated radical thiol-
ene derivatization experiments were performed. The first thiol, that was used to modify vinyl 
functional PLA, was benzyl mercaptan (BM) because of its distinct, usually non-overlapping NMR 
signals, making it easy to see if double bonds from the vinyl functional PLA reacted with the thiol. In 
the other case, 1-thioglycerol (TG) was used to modify the polymer backbone. This thiol bears two 
hydroxyl groups, making it a candidate to decrease the overall hydrophobicity of the polymer. In 
each reaction an excess of thiol was used to aim for complete double-bond conversion. Furthermore, 
the PLA with 12% vinyl glycolic acid was used in the modification reactions because it is expected 
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that the effect of modification on the hydrophobicity is the strongest in the polymer with the highest 
double-bond functionalization.  
In NMR analysis, a disappearance of the vinyl signals around 5.5 ppm is observed in both 
functionalization reactions, proving full double-bond conversion. Furthermore, in the reaction with 
benzyl mercaptan, the distinct aromatic signals for the benzyl thioether at 7 ppm appeared and 
integration of the signals revealed full conversion. No proof of isomerization of the bonds was found 
in NMR.  
The NMR signals of the thioglycerol-functionalized PLA were assigned (Figure 5.10). In contrast to the 
reference PLA and the benzyl mercaptan functionalized PLA, the thioglycerol-functionalized polymer 
did not precipitate in methanol, which is in line with its enhanced polarity. Based on the integration 
values of the signals of thioglycerol and the complete disappearance of the double bond signals, a full 
conversion for the reaction of PLA-co-VG with thioglycerol was calculated. 
 
Figure 5.10: 1H-NMR of the thiol-ene modification of the vinyl containing PLA (i) with benzyl mercaptan (ii) 
and 1-thioglycerol (iii) respectively in CDCl3. 
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5.4.1.2 Analysis of hydrophobicity  
After the successful modification of the polymer backbone with two different types of thiols, the 
effect of the modification on the hydrophobicity was tested. All polymers, in the form of spincoated 
films on glass, were subjected to a static water contact angle measurement. For these experiments, 
the polymer with 12 mol% of incorporated VG and its derivatives were used. It was shown that the 
incorporation of vinyl groups in PLA or the functionalization of the polymer backbone with benzyl 
mercaptan did not have a significant influence on the contact angle compared to that of pure PLA. 
Pure PLA, synthesized in the same manner as the vinyl containing polymer, has a water contact angle 
of 76.3° ± 0.4, which is in agreement with values found in literature.[33-34] The copolymer PLA-co-VG 
(12%) had a contact angle of 77.3° ± 2.5, while the benzyl mercaptan functionalized polymer had a 
contact angle of 76.3° ± 2.4 (Figure 5.11). Both values do not differ much with the contact angle 
obtained for pure PLA. In contrast, the introduction of the more polar 1-thioglycerol led to a water 
contact angle that was 10° lower than that of pure PLA.  
From these experiments it is clear that grafting small molecules on the vinyl containing copolymer is 
possible and that even a low amount of incorporated groups can alter the final properties of a 
material. In this case the hydrophobicity of PLA was altered by modifying the polymer backbone with 
two different thiols, benzyl mercaptan and 1-thioglycerol. The change in hydrophobicity was 
observed both in the purification step of the polymer, as well as in the water contact angle 
measurements. Modification of PLA-co-VG with benzyl mercaptan did not have an influence on the 
hydrophobicity, while the incorporation of thioglycerol altered the hydrophobicity visibly. PLA-co-VG-
TG did not precipitate in methanol and the water contact angle decreased with 10° compared to the 
other polymers. However, this decrease in water contact angle is lower as expected. The results 
obtained here were a result of the incorporation of 12 mol% of vinyl containing monomer. For sure, a 
larger influence, and thus a larger decrease in water contact angle, could be expected when 
incorporating more VG in the backbone (not done). Also, most probably the decrease measured 
during the water contact measurement is not entirely accurate since during the spin coating process, 
the hydrophilic groups that were grafted onto the backbone will not be fully exposed to the surface.  
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Figure 5.11: Static contact angle measurements for i) pure PLA; ii) vinyl functionalized PLA; iii) benzyl 
mercaptan modified PLA and iv) thioglycerol modified PLA. 
 
 
5.4.2 Synthesis of amphiphilic graft copolymers  
After the successful functionalization of a hydrophobic functionalized PLA backbone with two low 
molecular weight thiols, the synthesis of graft copolymers using this grafting technique was 
attempted. Starting from the alkene / alkyne functionalized polyesters (synthesized in section 
5.2.2.1) and the thiol end functionalized poly(ethoxyethyl acrylate) (Mn ranging from 8 – 14 000 
g.mol-1) (section 5.3), different reaction parameters were tested, vide infra. 
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5.4.2.1 Using UV-irradiation 
Based on the results obtained from the reaction of the unsaturated copolymers with low molecular 
weight compounds, both the PBAd-co-MPPD as well as the PBAd-co-MAPD were treated with thiol-
functionalized PEEA in the presence of DMPA under UV irradiation. When using the alkyne 
functionalized polyester (PBAd-co-MPPD), 3 equivalents of thiol-functionalized PEEA were added, 
while for the alkene functionalized polyester (PBAd-co-MAPD), 2 equivalents thiol were used. This 
was done to overcome possible problems in reaction efficiency due to the molecular weight.  
The polyesters were dissolved together with the PEEA chains. DMPA was added and the mixture was 
irradiated with UV light (365 nm). Reaction times were varied between 2 hours up to 12 hours. After 
the reaction, first a sample was taken for GPC, after which the polymer was precipitated in cold 
methanol. No evidence of any gain in molecular weight was found; the obtained molecular weights 
and molecular weight distributions were identical to those found before reaction. 
Although different reaction times were tested, no coupling of backbone and grafts was observed. A 
possible explanation is that the initiation might have been hindered. First of all, the work was done in 
normal glassware instead of quartz glass, which transmits the UV much better. Secondly, the mixture 
had a brownish color, originating from the polyester, meaning that only DMPA that is located at the 
outer layer of the mixture is expected to be capable to initiate the reaction. Therefore, to overcome 
these issues in the following experiments,  the initiation was done using a thermal initiator instead. 
5.4.2.2 Using thermal initiation 
AIBN 
Because UV initiation of the thiol-ene reaction of a multi-ene polyester and a monofunctional 
polymeric thiol did not result in graft copolymers, thermal initiation, using similar reaction 
conditions, was tested with AIBN. In these experiments, both polymers were dissolved together with 
AIBN and put at 70 °C for 5 hours or longer. After the reaction, samples were taken for analysis and 
the polymer was precipitated.  
No molecular weight increase was observed, and the mixture turned dark brown. This color change 
was also observed in other projects within the research group, indicating some deprotection of the 
ethoxyethyl acrylate. To overcome this problem, another thermal initiator was tested, which 
decomposes at a lower temperature. 
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V70 
V70 was used in the second reaction using thermal initiation because it already decomposes at 30 °C, 
in an attempt to avoid thermal deprotection of the ethoxyethyl protected acrylic acid function. The 
same reaction conditions were applied, but again no increase in molecular weight was observed in 
GPC. The color of the mixture turned brown, indicating possible deprotection of the monomer. Since 
the use of V70 did also not have the desired outcome, AIBN was again used in following reaction, due 
to its abundance and easy handling.  
One-pot synthesis 
A possible explanation for the failure in the previous reactions, could also be the presence of 
disulfides. After aminolysis, the polymer (PEEA) is precipitated in methanol and dried. As the polymer 
comes in contact with air, it is possible that disulfides are formed. In this way the thiols are no longer 
available for reaction with the unsaturations on the polyester backbone. To overcome this problem, 
all reactions were done in one-pot, so no contact with air was achieved. 
PEEA was dissolved and the mixture was flushed with N2. Propylamine was added and when the 
yellow color disappeared, a solution of the polyester with AIBN was added to the mixture. The 
solution was heated to 70 °C for 5 h. Again, samples were taken and the polymer was precipitated. 
Again, GPC analysis showed no increase in molecular weight. 
Higher amount of initiator  
To make sure initiation started, a higher amount of initiator was added. Instead of 0.02 eq of AIBN, 1 
wt% was added. The same reaction conditions were applied, but also here no satisfactory result was 
obtained.  
Lower molecular weight grafts 
In a last attempt, the molecular weight of PEEA was decreased to ensure a better reactivity of the 
end groups. Before, polymer chains with a Mn of 8000 to 14 000 g.mol-1 were used, but now the 
molecular weights were halved, hoping to overcome this problem. 
PEEA chains of 4000 g.mol-1 were prepared, whereby the purification was much more difficult. 
However, it was possible to obtain the polymers and transform the trithiocarbonate end group into a 
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thiol. The polymers were immediately used for the grafting reaction, but after analysis it was clear 
that also this approach did not work. 
Although different parameters and reaction conditions were tested, no increase in molecular weight 
was observed in GPC. Also in NMR, no proof of successful coupling was found. The reason behind this 
lack of success could not be clearly traced. However, some possible explanations are proposed. From 
another project in the research group, it was also clear that the thiol-ene reaction is efficient to 
couple low to medium molecular weight compounds. However, when coupling high molecular weight 
compounds to form for example block copolymers, side reactions such as disulfide formation oppose 
a problem.[35] This might have also been the case in this project but no real evidence of disulfide 
formation was observed and the problems occurring here are probably different ones.  
A first possible explanation can be found in Figure 5.8. The addition of the excess of amine to the 
PEEA chain can result in the formation of two different carbamates. Statistically 50% of the polymer 
end groups will have a thiol end group, while the other 50% will have a carbamate end group. The 
polymers with the carbamate end group can be rather stable, so that they cannot participate in the 
following coupling reaction. Also, 1-ethoxyethyl acrylate has an activated ester bond, and a side 
reaction of the amine with this ester bond could be possible. Another possible explanation is that 
after aminolysis, the thiol reacts further in a backbiting reaction and forms a thiolactone structure at 
the chain end, as was earlier reported.[36] This phenomenon has not been investigated in depth, but if 
the cyclization occurs during aminolysis, one should observe this in the 13C-NMR spectrum.  
Another possible explanation for the failed coupling experiments is that both polymers, polyesters 
and polyacrylates, are for thermodynamic reasons not compatible on molecular level, whereby the 
reactive groups can not react with each other.  
5.5 Conclusion  
In this chapter, the thiol-ene/-yne reaction was tested for the synthesis of amphiphilic graft 
copolymers using the grafting onto method. The chapter started with the preparation of 
functionalized monomers that were incorporated into polyester backbones. Both diols as well as an 
α-hydroxy acid were synthesized and characterized. The alkene / alkyne containing monomers were 
combined with readily available bio-based monomers, namely adipic acid and 1,4-butanediol, in a 
two-step melt polycondensation reaction. Different amounts of functionalized building blocks were 
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incorporated. The functionalized α-hydroxy acid was combined with lactic acid in a polymerization 
where the formed water was azeotropically removed. All polymers were analyzed and incorporation 
of the necessary functionalities proved to be successful. 
The functionalized PLA was used in a postmodification reaction with benzyl mercaptan and 
thioglycerol. Both reactions were successful and a change in hydrophobicity was observed after 
reaction with thioglycerol. Then, the polymers, based on the functional diols, were used as a polymer 
backbone in the synthesis of graft copolymers. Here, the trithiocarbonate end groups on PEEA 
chains, made with RAFT, were converted into thiols by aminolysis. The two polymers were then 
combined using a UV or thermal initiator. Even when changing different parameters (more thiols to 
unsaturation, different initiation, amount of initiation, …), no successful graft copolymers were 
obtained, which could be ascribed to both side reactions occurring during aminolysis as well to 
compatibility issues during the grafting process.  
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5.6 Experimental section 
5.6.1 Material 
Adipic acid (AA, Aldrich, 99%), 1,4-butanediol (BDO, Aldrich, 99%), diethyl methylmalonate (Acros, 
99%), hydroquinone (Fluka, 99%), lithium aluminum hydride (Acros, 95%), propargyl bromide 
(Aldrich, 80 wt %, stabilized in toluene), allyl bromide (Aldrich, 99%), diethyl malonate (Aldrich, 
>98%), sodium hydride (Acros, 60% dispersion in mineral oil), titanium(IV) n-butoxide (TBT, Acros, 
99%), propylamine (Aldrich, >99%), Benzyl mercaptan (99% Sigma-Aldrich), dimethoxy-2-
phenylacetophenone (99% Sigma-Aldrich), 1-thioglycerol (>97%, Sigma-Aldrich) and V70 (Wako) 
were used as received. AIBN was recrystallized twice from methanol. Solvents were purchased from 
Acros (HPLC grade) and used without purification, unless otherwise noted.  
5.6.2 Characterization  
1H-NMR 
1H-NMR and HSQC spectra were recorded in CDCl3 (Euriso-top) on a Bruker AVANCE 300 MHz 
spectrometer. In addition, 13C NMR and 13C-APT-NMR were measured on a Bruker AM500 MHz 
spectrometer. 
Gel permeation Chromatography 
GPC was performed on a Waters instrument, with a refractive index (RI) detector (2410 Waters), 
equipped with Waters Styragel HR3, HR4 and HR5 serial columns (5 μm particle size) at 35 °C. 
Polystyrene standards were used for calibration, and CHCl3 was used as an eluent at a flow rate of 1.5 
mL/min. Molecular weight and polydispersity index were determined using the Breeze Millennium 
software.  
UV-Vis measurements 
UV-Vis measurements were performed on an AnalytikJEna Specord 200 in quartz cuvettes with a 
thickness of 10 mm at a wavelength range of 200 to 700 nm. The concentration of each sample was 1 
mg/mL.  
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Static contact angle measurements 
Static contact angle measurements were performed at the KULeuven with double deionized water on 
polymer coated glass slides with a KSV NIMA CAM200 setup and its software. Hereto, the polymers 
were spin-coated from a 5 wt % solution in CHCl3 or THF on a thin glass preparation slide for 1 min at 
a rate of 1000 rpm attained in 2 s. The slides were dried overnight at room temperature. Per slide, 3 
drops were measured, and during measurement, 2 subdrops were added. Thirty seconds after 
adding each subdrop, the photographed droplet was fit according to the Young−Laplace equation, 
and the static contact angle was calculated. At least 2 slides per polymer were prepared. Standard 
deviations were calculated. 
5.6.3 Synthesis 
5.6.3.1 Synthesis of 2-methyl-2-propargyl-1,3-propanediol (MPPD) 
MPPD was prepared according to the literature procedures.[19]  In a 500-mL two-necked round-
bottomed flask, NaH (8.27 g, 0.207 mol) was added to a stirred solution of diethylmethyl malonate 
(29.70 mL, 0.172 mol) in THF (150 mL). The reaction mixture was cooled down to 0°C during 20 min. 
Then, propargyl bromide (20.00 mL, 0.186 mol) was added dropwise to the stirred solution and 
refluxed overnight. After cooling to room temperature, the solvent was removed and H2O was 
added. The crude reaction mixture was extracted three times with 50 mL of diethyl ether. The 
combined organic phases were washed with 150 mL of H2O and then dried over anhydrous Na2SO4. 
After removal of the solvent, diethyl (methyl-2-propargyl) malonate was obtained as a yellow oil in 
high yield. Yield: 93%. 
A solution of 34.00 g (0.160 mol) of diethyl (methyl-2-propargyl) malonate in 400 mL of diethyl ether 
was slowly added to a stirred suspension of 24.31 g (0.640 mol) of LiAlH4 in 800 mL of diethyl ether. 
After stirring for another 4 h at room temperature, the product mixture was carefully hydrolyzed by 
slow addition of ice diluted HCl until pH 7. After filtration of the salts, the organic layer was 
separated, and then the aqueous phase was extracted twice with 50 mL of diethyl ether. The 
combined organic phases were washed with 200 mL of H2O and then dried over anhydrous Na2SO4. 
After removal of the solvent by distillation, the solid residue was recrystallized from toluene to give 
(2) as a white, crystalline solid. Yield: 73%. 1H NMR (300 MHz, CDCl3, ppm): δ = 0.91 (s, 3H, CH3), 2.02 
(t, 1H, CH2‐C≡CH), 2.28 (d, 2H, CH2‐C≡CH), 3.59 (m, 2H, CH2‐OH). 13C NMR (75 MHz, CDCl3, ppm): δ 
= 18.6 (CH3), 23.8 (CH2‐C≡CH), 39.2 (C), 69.0 (CH2‐OH), 70.6 (C≡CH), 81.2 (C≡CH). 
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5.6.3.2 Synthesis of 2-methyl-2-allyl-1,3-propanediol  
The synthesis of MAPD was based on the one of MPPD. However, instead of using propargyl 
bromide, allyl bromide was used. The other reaction conditions remained the same. Yield: 70%   
5.6.3.3 Synthesis of 2,2-dipropargyl-1,3-propanediol  
DPPD was prepared according to a literature procedure.[20] Sodium hydride (14.25 g, 60 wt % in 
mineral oil, 356.3 mmol) was taken in dry THF, and the solution was cooled to 0 °C. Diethylmalonate 
(28 g, 178 mmol) was then added dropwise to the ice-cold solution, and the reaction mixture was 
allowed to stir for 2 h at room temperature. To this solution propargyl bromide (53 g, 445.4 mmol) 
was added dropwise at 0 °C and allowed to reach room temperature with continuous stirring. The 
stirring was continued for 24 h. THF was removed using a rotary evaporator, 50 ml water was added 
and the entire solution was extracted thrice with ethyl acetate. The combined organic layer was then 
concentrated under reduced pressure. Yield of 90%.  
 
Lithium aluminium hydride (LAH) (4 g, 116.6 mmol) was taken in dry diethyl ether, and the solution 
was cooled to 0 °C. Diethyl 2,2-(prop-2-yn-1-yl)malonate (25 g, 106 mmol) was then added dropwise 
to the ice-cold solution with continuous stirring. The temperature was then allowed to come to room 
temperature and the stirring was continued for 36 h. After that a 5% NaOH solution was added 
slowly to the reaction mixture to quench the unreacted LAH. Once the quenching is over (cease of 
hydrogen gas evolution) the reaction mixture was filtered through Buchner funnel, the residue was 
washed twice again with diethyl ether. The filtrate was collected and the diethyl ether removed 
under reduced pressure. The product was a white crystalline solid with a yield of 60%  
 
5.6.3.4 Synthesis of 2-hydroxy-3-butenoic acid 
The synthesis of 2-hydroxy-3-butenoic acid was performed in the Center for Surface Chemistry and 
Catalysis at the KULeuven. A detailed description of the synthesis can be found in literature.[26] 
5.6.3.5 Polyester synthesis using diacids and diols  
The copolyesters of poly(butylene adipate) (PBAd) with MPPD, MAPD, DPPD and fumaric acid were 
synthesized by a two-step melt polycondensation method in a glass batch reactor. A typical reaction 
is described. The proper amount of adipic acid (1 equivalent, 30 g) and a predetermined mixture of 
two diols (1.1 equiv, 19.43 g of 1,4-BDO and 1.38 g of MPPD) in a molar ratio and the catalyst TBT 
(0.03 mol % relative to the carboxylic acid, 0.021 g) were weighed into a 100mL round-bottomed 
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flask. Subsequently, hydroquinone (10 mol % relative to the alkyne-containing diol, 0.119 g) was 
added. The reactor was fitted with a mechanical stirrer, a Vigreux column and a Dean-Stark-type 
condenser to collect the formed water. During the first step of the reaction, the setup was 
continuously purged with argon to limit oxidation and facilitate transport of water vapor. The 
temperature of the reaction mixture was raised to 160 °C using a Piltz mantle. Then, the temperature 
was gradually raised in steps of 10 °C to maintain the removal of the formed water. The maximum 
reaction temperature was 200 °C. In the second step of polycondensation, at 200 °C, a vacuum was 
introduced. The polycondensation continued for 2 h for all prepared polyesters, after which the 
polymer was discharged from the reactor and cooled to room temperature. The polyester was 
dissolved in chloroform and precipitated into a 10-fold amount of cold methanol. The precipitated 
polyester was filtered and dried under vacuum at room temperature before characterizations. 
5.6.3.6 Synthesis of functionalized PLA 
This synthesis was performed in the Center for Surface Chemistry and Catalysis at the KULeuven. A 
detailed description of the polymerization procedure can be found in literature.[26] 
5.6.3.7 Aminolysis of poly(EEA) 
The conversion of the trithiocarbonate at the chain end of the PEEA, prepared by RAFT, into a thiol 
was performed as follows. The polymer was dissolved in a minimum amount of solvent, after which 
the solution was flushed with N2 for 30 min. Propylamine was added (20 eq to thrithiocarbonate) and 
the mixture was stirred at room temperature. When the yellow color disappeared, the solution was 
precipitated in cold methanol and collected by decantation.  
5.6.3.8 Functionalization of the PLA with thiol-ene chemistry 
A typical thiol-ene reaction was performed as follows: Functionalized polymer PLA-co-VG (12% vinyl) 
(100 mg; 0,19 mmol alkene) was dissolved in dry THF (1.0 mL). Benzyl mercaptan ( 0.38 mmol) and 
2,2-dimethoxy-2-phenylacetophenone (5.0 mg/mL) as photoinitiator were added, and the solution 
was degassed for 30 min with N2. In another case, 1-thioglycerol was used. The reaction mixture was 
irradiated with UV-light (365 nm) for 5 hours at ambient conditions. The functionalized polymer was 
collected by precipitation in cold methanol or diethyl ether and dried prior to analysis. 
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5.6.3.9 Synthesis of graft copolymers  
For the grafting onto reactions, the following conditions were applied: when using an alkene 
functionalized polyester, 2 eq thiol was added. When working with the alkyne functionalized 
polymers, 3 eq thiol was added. The polymers were dissolved in a minimum amount of solvent (THF, 
toluene) and initiator was added (0.2 eq DMPA; 0.02 eq AIBN / V70) and put at the right reaction 
conditions (365 nm for DMPA; 70 °C for AIBN and 30 °C for V70). The reaction was stirred for 6 h and 
samples were taken before and after precipitation.  
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Abstract 
In this last chapter, amphiphilic graft copolymers based on renewable resources were synthesized via 
a “grafting from” strategy. A linear hydroxyl functionalized aliphatic polyester was transformed into a 
macro-RAFT agent by replacing the hydroxyl groups into trithiocarbonate side groups. The 
renewability in this case was introduced in the polyester by use of a fatty acid derived monomer. This 
macro-RAFT agent was then used in different RAFT polymerizations of 1-ethoxyethyl acrylate, which 
is a precursor of acrylic acid. After the synthesis of the amphiphilic graft copolymer, the polymers 
were characterized with nuclear magnetic resonance spectroscopy, size exclusion chromatography 
and Fourier transform infrared spectroscopy. Furthermore, to study the amphiphilic character of 
these graft copolymers, micelle formation tests were carried out and measured with dynamic light 
scattering, while emulsifying properties were studied via an emulsion stabilization test. 
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Chapter 6: Synthesis of amphiphilic graft 
copolymers using the grafting from 
strategy 
 
 
 
 
 
6.1 Introduction 
As observed in chapter 5, the synthesis of amphiphilic graft copolymers using the grafting onto 
method for grafting high molecular weight grafts onto a polymer backbone has not been successful. 
This result was also confirmed by other research groups as they explain that grafts in a grafting onto 
strategy could only have lower molecular weights due to steric hindrance when using less efficient 
coupling reactions. Subsequently, with the grafting onto method relatively low grafting densities 
were obtained compared to other grafting approaches. Furthermore, difficult purification steps were 
necessary to remove unreacted homopolymer.[1] 
For these reasons, a different approach was studied, namely the grafting from approach, where a 
polymer backbone was first synthesized, bearing functionalities that can initiate the polymerization 
of a second monomer. This approach has the advantage that, although functionalization of the 
polymer backbone is necessary to add initiating sites, the amount of initiating groups can more easily 
be adjusted and a higher grafting density can be achieved.  
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Already different examples were found where this grafting from synthesis was successful for the 
preparation of graft copolymers.[2-3] For example, Albertsson and co-workers reported on the 
transformation of hemicelluloses into macroinitiators that were subsequently used in the Single-
Electron Transfer Living Radical Polymerization (SET-LRP) graft copolymerization of methyl acrylate.[4] 
Grafting acrylic acid from a poly(hydroxyethyl acrylate) backbone was done by transforming the 
hydroxyl groups of hydroxyethyl acrylate into a CTA. These agents were then used in a second RAFT 
polymerization with acrylic acid (AA), resulting in a graft copolymer with high density of anionic side 
chains.[5]   
Bio-based graft copolymers synthesized with the grafting from technique, mostly starts from a 
(hemi)cellulose backbone. In most cases, the available hydroxyl groups were transformed into ATRP 
macroinitiators with 2-bromoisobutyryl bromide, after which the polymerization of different 
monomers started.[6-8] Next to this, the transformation of the hydroxyl groups into chain transfer 
agents (CTA’s) is also reported. For example, grafting methyl methacrylate from cellulose with RAFT, 
using a ionic liquid was reported in 2013.[9] More or less the same strategy was used by Hufendiek et 
al. who grafted poly(N,N-diethylacrylamide) and poly(N-isopropylacrylamide) from a cellulose 
backbone.[10] 
In this chapter, a new combination of two polymerization techniques for the synthesis of amphiphilic 
graft copolymers, in which a step-wise polymerization is combined with a controlled radical 
polymerization, namely RAFT, will be discussed. First, a linear hydroxyl functionalized hydrophobic 
polyester backbone will be prepared from renewable building blocks. A post-polymerization 
modification will be carried out to obtain a macro chain transfer agent on which grafting from with 
bio-based acrylates will be performed. 
6.2 Synthesis of the hydrophobic polymer backbone 
The first step in the synthesis of amphiphilic graft copolymers using the grafting from strategy is the 
search for a suitable polymer backbone with incorporated functionalities. These functionalities are 
used to transform the polymer into a Macro-initiator or Macro-RAFT agent. Besides the need for 
functionalities, an extra requirement was added in this project, namely the renewability of the 
polymer. In 2007, White et al. discovered a hydroxyl functionalized polyester that was synthesized 
starting from a fatty acid derivative.[11] Even though the obtained polymer showed some interesting 
properties, no further investigation was done with it due to its high dispersity. By changing some 
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parameters, better results were obtained in our research group, which are thoroughly covered in the 
following sections. 
6.2.1 Synthesis of the epoxidized fatty acid monomer 
Castor oil is a vegetable oil that is extracted from the seeds of the castor oil plant. It is a triglyceride 
that consists for 90% of ricinoleic acid. When treated with heat, 10-undecenoic acid (M1, Figure 6.1) 
is formed as pyrolysis product. This monomer is nowadays frequently used in chemistry and 
especially in polymer science.[12-14] 
10-Undecenoic acid was also chosen by White and coworkers as starting compound for the 
production of the hydroxyl functionalized polyester. First, the monomer (M1) was converted into 
10,11-epoxyundecenoic acid (M2) by means of an epoxidation reaction with peracetic acid (Figure 
6.1). Purification was done by recrystallizing the product from petroleum ether (yield > 80%). 
Although the group of White further purified the product with column chromatography, it was 
observed by us that this step did not improve the purity much.  
 
Figure 6.1: Overall reaction scheme to synthesize the hydroxyl functionalized polyester (P1). 
The monomer M2 was produced on a large scale (30 g) and when stored in the fridge, stable for 
several months. Introduction of the epoxide functionality in the monomer produced an AB type 
monomer, that could be polymerized by a nucleophilic ring-opening of the epoxide group by the 
carboxylic acid moiety.  
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6.2.2 Synthesis of the hydrophobic polyester backbone 
The monomer 10,11-epoxyundecanoic acid (M2) was used for the synthesis of a hydrophobic 
polymer backbone that contained functional groups along the chain (P1, Figure 6.1). The monomer 
was polymerized in the presence of tetraphenylphosphonium bromide (TPPB), which is a quaternary 
phosphonium bromide that acts as an initiator. The mechanism of this reaction, as earlier reported, 
consists of the attack of the halide of TPPB onto the epoxide group, forming a haloalkoxide that 
subtracts a hydrogen from the carboxylic acid group.[11] The formed nucleophilic carboxylate 
subsequently attacks another epoxide, thus propagating the polymerization (Figure 6.2). This 
reaction was carried out in solution, using Dowanol® as solvent. 
 
Figure 6.2: Reaction mechanism of the polyester synthesis starting from epoxides and TPPB as initiator. 
As mentioned before, some adjustments were made to the original recipe, yielding polymers with 
lower dispersities. Indeed, the amount of solvent used during the reaction was increased ten times 
and only 80 mol% of the original amount of TBBP was used.  
After purification of the polymer by precipitation, it was dried in vacuum and analyzed with 1H-NMR 
(Figure 6.3) and GPC. As can be seen in 1H-NMR, all signals could be assigned in accordance to the 
expected structure. The multiplet between 1.0 and 1.6 ppm represents the aliphatic methylene units 
in the backbone. The triplet at 2.3 ppm and signals between 3.3 and 4.7 ppm are respectively 
ascribed to the CH2 group at the alpha position of the ester carbonyl moiety and to the protons at the 
alpha or beta position of the hydroxyl groups (signals a, b, c, d). All integration values were as 
expected from the chemical structure. 
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Figure 6.3: 1H-NMR spectra of P1 in THF-d8. 
 
Different batches of P1 were synthesized and analyzed with GPC for their molecular weight 
distributions. The obtained molecular weights ranged from 10 to 15 000 g.mol-1 with dispersities 
around two, which is a normal value for step-wise polymerizations. After removing entrapped water 
in the polymer by a triple azeotropic distillation with THF, FTIR analysis were performed to 
demonstrate the presence of the hydroxyl groups on the polymer backbone. A broad O-H stretching 
absorption was observed at 3420 cm-1, confirming the functionalization of the polymer backbone. As 
each monomer (M2) bears an epoxide, which is opened by a carboxylic acid group of another 
monomer, one can assume that each repeating unit should contain one hydroxyl group. With this 
assumption, an approximate calculation for the number of hydroxyl groups per polymer chain could 
be calculated using relative molecular weight data obtained from GPC. As each repeating unit has a 
weight of 200 g.mol-1, the amount of reactive hydroxyl functionalities per chain ranged from 50 to 60 
depending on the molecular weight of the polymer.  
Since the carboxylate can attack the epoxide on two possible sites, both primary as well as secondary 
hydroxyl functions can be obtained. From the integration of the corresponding peaks in the 1H-NMR 
spectrum in Figure 6.3 (3.8 ppm (a) and 3.6 ppm (b) corresponding to the secondary hydroxyl 
function; 3.4 ppm (c) and 4.7 ppm (d) corresponding to the primary hydroxyl function), the relative 
amount of both possibilities was calculated: 1/3 of the repeating units contained a primary hydroxyl 
function, while 2/3 of the repeating units had a secondary hydroxyl function, which seems logic 
taking into account the steric hindrance during polymerization. 
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When looking more closely to the mechanism presented in Figure 6.2, one would think that some 
side reactions would occur during polymerization. Indeed, there is a chance that the formed 
alcoholate might not only deprotonate the carboxylic acid, but also undergo anionic polymerization 
of the epoxide. However, this side reaction was not observed. Not only ether linkages could not be 
observed in NMR and IR, but this side reaction would also lead to the formation of graft copolymers 
and as such to a broad dispersity. All polymers had dispersities around 2, which is in accordance to 
the expected values.  
After NMR, GPC and FTIR, the polymer was analyzed with TGA under nitrogen atmosphere to test the 
thermal stability. The obtained polyester was stable up to 280 °C, without any stabilizers. In addition, 
P1 exhibits some other useful characteristics, being bio-based, hydrophobic and containing useful 
functionalities on the main chain. However, as a result of the hydrogen bonds, the solubility of the 
polyester is limited and as such, is only soluble in a limited amount of solvents. For NMR-analysis 
THF-d8 or DMSO-d6 was used. However as in subsequent reactions the polymer precipitated after the 
addition of the other reagents, pyridine was chosen as reaction solvent as it is known for breaking up 
hydrogen bonds. 
6.3 Synthesis of the Macro-RAFT agent 
After the synthesis of the hydroxyl containing hydrophobic polyester, it is necessary to convert the 
incorporated functional groups into useful functionalities for RAFT polymerization. The incorporation 
of the CTA’s on the backbone will transform the polymer backbone into a Macro-RAFT agent, so it 
can be used in a grafting from reaction with a hydrophilic acrylate. In this study, the chain transfer 
agent BuPAT was chosen for functionalizing the backbone for the following reasons. First of all, the 
large-scale synthesis of BuPAT is high-yielding.[15] Secondly, BuPAT has a carboxyl acid function that 
can be used in modification reactions and thirdly, trithiocarbonates are known to be good CTA’s for 
the polymerization of acrylate monomers.  
Different attempts were done to couple the hydroxyl groups of P1 with the carboxylic acid of BuPAT. 
The first experiment consisted of the synthesis of the acid chloride of BuPAT, making it reactive 
enough to react directly with the hydroxyl groups. However, side products were formed due to 
unwanted reactions of the chloride reagent with the trithiocarbonate. In a second step, the hydroxyl 
groups were transformed into better leaving groups by mesylation or tosylation. Although the 
transformation was successful and P2 could be obtained, different side reactions were observed 
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during the polymerization of the acrylate. In the end, the coupling of the hydroxyl containing 
polyester P1 with BuPAT was done by means of an esterification reaction using DCC (N,N′-
Dicyclohexylcarbodiimide) and DMAP (4-(Dimethylamino)pyridine)), yielding the Macro-RAFT agent 
(P2) (Figure 6.4). 
 
Figure 6.4: Synthesis of the Macro-RAFT agent by esterification of P1 with BuPAT. 
Before the post-polymerization modification reaction, water was removed from P1 by azeotropic 
distillation with THF. The coupling was performed in dry pyridine to avoid precipitation due to 
hydrogen bonding. After 4h, the formed dicyclohexylurea (DCU) was filtered of and the solution was 
precipitated twice in water. The color of the obtained polymer changed from white to bright yellow, 
which is the color of BuPAT. The product was characterized with UV-spectroscopy, 1H-NMR, GPC and 
FTIR. In the UV-spectrum of P2, a new absorption band at 310 nm was detected, which is ascribed to 
the trithiocarbonate group. Furthermore, in FTIR a significant decrease in intensity of the O-H 
stretching absorption band was observed. When analyzing the polymer in 1H-NMR, new signals at 
3.33 ppm and 0.8 ppm appeared and were ascribed to characteristic signals of BuPAT, namely the 
CH2 next to the trithiocarbanate and the CH3 end group (Figure 6.5, signals g and h respectively).  
The conversion of the hydroxyl groups into BuPAT moieties was determined through integration of 
the corresponding signals in the 1H-NMR spectrum. The integral of the signal at 2.2 ppm (c) was fixed 
to 2 and from the integral of the signals at 3.3 ppm (g) and 0.8 ppm (h), the conversion of OH-groups 
into BuPAT groups was calculated. Conversions of 80% to even 91% were achieved for different 
batches.  
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Figure 6.5: 1H-NMR of P2 in THF-d8. 
Analysis of P2 in GPC showed a shift in retention times and dispersities (from around 2 to 3), after 
the incorporation of the BuPAT groups. The functionalization of the hydrophobic polyester could be 
repeated in a reproducible way and molecular weights increased from around 10 to 25 kDa after 
functionalization (Table 6.1). Since GPC separates polymers based on their hydrodynamic volume, 
this shift in retention times is not surprising. By reaction of the hydroxyl groups with the carboxylic 
acid group of BuPAT, two parameters having an impact on the hydrodynamic volume change. First of 
all, the hydrogen bonds between the alcohol functions and carbonyl functionality of the ester 
linkage, present in the parent polymer, are broken. Secondly, by the incorporation of a more bulky 
side group, the polymer chains will be further apart, which will have an effect on their hydrodynamic 
volume. The increase in dispersity, on the other hand, was ascribed to the incomplete conversion of 
the post-polymerization modification reaction, yielding a mixture of polymers with both hydroxyl as 
well as BuPAT groups. 
Table 6.1: GPC results of the modification of P1 to Macro-RAFT agent P2. 
Entry P1  
Mn (g.mol-1) / Ð 
P2  
Mn (g.mol-1) / Ð 
% of OH-groups 
converted into BuPAT 
1 10 800 / 2.20 24 400 / 2.47 80 
2 11 900 / 2.08 15 000 / 2.80 91 
3 10 400 / 1.93 37 300 / 3.00 81 
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To avoid solubility problems in later stages, P2 was stored in solution. Although P2 was slightly better 
soluble than P1, only THF, DMA and toluene could be used. As described in literature, peroxides 
present in THF have the ability to react with the trithiocarbonate, making it inactive.[16] DMA on the 
other hand is difficult to remove afterwards, so toluene was chosen as the solvent for storage. 
6.4 Grafting 1-ethoxyethyl acrylate from the backbone  
After the transformation of the hydrophobic polyester backbone into a Macro-RAFT agent, the 
grafting from polymerization of a hydrophilic acrylate could be initiated. The monomer of choice was 
again acrylic acid because of its hydrophilic nature and its foreseen possibility to be produced in an 
industrial way from renewable resources.[17] However, acrylic acid is not compatible with P2 and no 
common solvent for the polymerization could be found. This problem was solved by esterification of 
acrylic acid with ethyl vinyl ether, yielding 1-ethoxyethyl acrylate (EEA, see chapter 3). This monomer 
is hydrophobic, polymerizable with RAFT, compatible with P2 and can easily be transformed into 
poly(acrylic acid) by a simple heating step after reaction.[18-19]  
When using the RAFT polymerization, it is necessary to first determine the optimal ratio of 
initiator/CTA/monomer. However, since there is no specific end group in this polymer, a calculation 
of the molecular weight from the NMR spectrum was not possible. Therefore, the amount of BuPAT 
groups on the polyester backbone was calculated using the relative molecular weight numbers 
calculated from GPC analysis and the alcohol to BuPAT conversion value calculated from 1H-NMR 
(Table 6.1). Although this calculation is not fully correct, it gives an estimation of the  RAFT-groups 
available for reaction, so that the other parameters could be calculated.  A first polymerization was 
performed in toluene using the optimal conditions for a RAFT polymerization of EEA (AIBN/CTA/EEA: 
0.1/1/100) (Figure 6.6). 
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Figure 6.6: General reaction scheme for the grafting from polymerization of1-ethoxyethyl acrylate. 
After a reaction time of one hour at 70 °C, the viscosity of the mixture rapidly increased. The reaction 
was quenched by opening the Schlenk tube and cooling the mixture in liquid N2.  
Figure 6.7: GPC traces of the grafting from polymerization of EEA using the unpurified Macro-RAFT agent 
(left) and the purified Macro-RAFT agent (right). 
When analyzing the polymer with GPC, two distinct peaks were observed (Figure 6.7, left). After the 
purification of the Macro-RAFT agent by precipitation, a sticky, viscous substance was recovered. 
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Although it seemed like no unwanted components were present in NMR, it was possible that some 
unreacted BuPAT was still trapped inside the polymer. Using this P2 as CTA for the RAFT 
polymerization, both graft copolymers (P3) as well as the homopolymer of EEA could be formed. This 
is indeed what we observed in GPC. The peak at high molecular weight originates from the graft 
copolymer, while the peak at lower molecular weight is ascribed to poly(EEA). To remove this 
residual BuPAT, the polymer was dissolved in toluene and passed over a plug of basic aluminum 
oxide. The unreacted BuPAT sticks onto the column, and the purified Macro-RAFT agent (P2) was 
collected and used in further polymerization reactions. Already after one purification step with 
aluminum oxide, the peak at lower molecular weight almost disappeared when a grafting 
polymerization was performed (Figure 6.8, right). A second purification step with Al2O3 was 
performed, to be sure that no unreacted BuPAT was still present.  
The earlier calculations of the hydroxyl to BuPAT conversions were an overestimation as some of the 
signals originated from unreacted BuPAT trapped inside the polymer. New calculations were thus 
executed and used to find the optimal initiator/CTA/monomer ratios. Different grafting reactions 
were performed in toluene at 70 °C, all of them using the same ratio of 0.1/1/100. The obtained 
results are listed in Table 6.2. 
Table 6.2: GPC results of the “grafting from” reaction using the purified Macro-RAFT agent. 
Entry P1  
Mn (g.mol-1) / Ð 
P2  
Mn (g.mol-1) / Ð 
P3  
Mn (g.mol-1) / Ð 
1 10 800 / 2.20 24 400 / 2.47 65 000 / 2.30 
2 11 900 / 2.08 15 000 / 2.80 360 000 / 1.34 
3 11 900 / 2.08 15 000 / 2.80 170 000 / 1.23 
4 10 400 / 1.93 37 300 / 3.00 133 700 / 1.70 
Also here, the viscosity of the mixture increased a lot after 1 hour of reaction. Polymerization was 
stopped to prevent gelation. Different graft copolymers with molar masses ranging from 65 up to 
360 kDa were achieved, starting from a polymer backbone with molecular weights around 10 kDa. 
The graft copolymers were analyzed using GPC and 1H-NMR. In GPC, a major shift in retention time 
and molecular weight was observed. In the 1H-NMR spectrum of P3, the corresponding signals of the 
poly(EEA) grafts appeared (Figure 6.8): clear broad signals at 3.35 ppm (j), 3.65 ppm (j) and 5.8 ppm 
(i) were detected, originating from the ethyl vinyl ether moiety.  
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Figure 6.8: 1H-NMR spectrum of P3 in THF-d8. 
These signals already indicated the success of the grafting from polymerization. However, signals of 
unreacted EEA were also observed in the NMR spectrum, demonstrating that unreacted monomer 
was still present in the mixture. Because of overlap between the poly(EEA) signals and the ones of 
P2, it was not possible to determine the amount of incorporated EEA repeating units.  
As depicted in Table 6.2, the molecular weight of the graft copolymers is much higher than that of 
the Macro-RAFT agent. Remarkable to see is that the dispersities decreased after the polymerization 
(< 2), an effect that is often observed during the synthesis of graft copolymers and is ascribed to the 
principle of GPC analysis. This phenomenon was, for example, also present in the research of Lin et 
al., in which a grafting from polymerization of methyl methacrylate was carried out on functionalized 
cellulose, with dispersities decreasing from 4 to 1.75.[20] 
As some solubility problems were observed in later stages, P3 was stored in solution. Here both 
toluene, as well as THF, were appropriate solvents. The peroxides in THF are not harmful since the 
trithiocarbonates are not used anymore after this stage. For an easy removal of the solvent later on, 
THF was chosen as storage solvent. 
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6.5 Preparation of amphiphilic graft copolymers 
The final step in the preparation of the amphiphilic graft copolymers, is the deprotection of poly(EEA) 
grafts into hydrophilic poly(acrylic acid) chains. According to literature, deprotection can be carried 
out via a simple heating step.[18-19, 21] Normally, this is done by putting the sample in the vacuum oven 
at 80 °C for 24 h. However, when using this technique an insoluble material was obtained. Therefore, 
the deprotection was performed by dissolving the copolymer in a solvent (THF, toluene or DMF) and 
refluxing it until full deprotection was achieved (P4). Depending on the boiling point of the solvent, 
longer deprotection times were needed. Even though ethyl vinyl ether is eliminated from the 
polymer, GPC analysis showed almost no change in molecular weight going from P3 to P4 (Table 6.3), 
which is probably a result from a similarity in hydrodynamic volume. A conclusive proof of 
deprotection was found in 1H-NMR. A broad signal at around 12 ppm appeared and was ascribed to 
the carboxylic acid proton of acrylic acid while the signals at 3.35 ppm, 3.65 ppm and 5.8 ppm, which 
are ascribed to ethoxyethyl groups, were not detected anymore in the spectrum of P4.  
Table 6.3: GPC data of the deprotection of P3 to P4. 
Entry P3  
Mn (g.mol-1) / Ð 
Reflux  
Solvent 
P4 
Mn (g.mol-1) / Ð 
1 360 000 / 1.34 DMF 313 200 / 1.35 
2 170 000 / 1.23 Toluene 190 000 / 1.26 
3 133 700 / 1.70 DMF 156 400 / 1.82 
 
6.6 Testing the amphiphilic character 
6.6.1 Dynamic light scattering 
The goal of this project was to make bio-based amphiphilic graft copolymers, which can be used as 
dispersant, surfactant, etc. After the deprotection of the grafts into hydrophilic poly(acrylic acid) 
chains, the emulsifying properties of the obtained amphiphilic graft copolymers were investigated. 
The ability to form micelles in water was therefore tested.  Since the graft copolymers already 
dissolved in water as such, first a solution of 1.5 mg/mL of the graft copolymer in water was 
prepared. The obtained fully clear solution was subjected to DLS measurements at 25 °C. The results 
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showed that micelles with a diameter of 50 nm were formed (Figure 6.9), which is in the range of 
values observed in micelles of other graft copolymers.[22] 
 
Figure 6.9: DLS measurement of P4 in water at 25°C. 
 
6.6.2 Emulsion stability test 
After the confirmation that the graft copolymers do form micelles in water, their ability to use them 
as an emulsifier was tested. A convenient method to determine the stability of such emulsions is to 
measure the settling or creaming time in a cylinder, filled with a water / decane mixture.[23] In this 
test an emulsion is prepared and the time needed for 10% of the emulsion to be demixed is 
measured (Figure 6.10). This time is a measure for the stability of the emulsion. Here, 750 mg of the 
graft copolymer with a Mn 313 200 g.mol-1 (Entry 1, Table 6.3) was dissolved in 50 mL water. 50 mL 
decane was added, and the mixture was stirred in a high speed blender and transferred into a 100 
mL cylinder. In this preliminary experiment, phase separation was observed after 1 h. This result is a 
good starting point and further optimization could be carried out to enhance emulsifying properties 
by variation of molar masses and ratios of both segments, which was not done as a result of time 
constraints.  
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Figure 6.10: Picture of setup for the emulsion stabilisation test. 
 
6.7 Conclusion  
In this chapter, a new synthetic pathway for bio-based macro-RAFT agents, which can be used in the 
grafting from strategy, was successfully synthesized. First, a functional hydrophobic polyester was 
made using 10-undecenoic acid as a starting material. In a postmodification reaction, the hydroxyl 
groups on this polymer were reacted with a carboxylic acid containing CTA (conversions up to 97% 
were obtained). This macro-RAFT agent was then used in the grafting from polymerization of a bio-
based acrylate. 1H-NMR, SEC and FTIR analysis confirmed successful grafting reaction on the polymer 
backbone. The amphiphilic graft copolymers formed micelles in water, and preliminary experiments 
showed that they could stabilize a water/decane mixture to a certain extent.   
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6.8 Experimental section 
6.8.1 Material 
N,N-Dimethylformamide (DMF) (Acros, HPLC grade), N,N-Dimethylacetamide (DMA) (Aldrich, HPLC 
grade), acetone (Aldrich, HPLC grade), Propylene glycol monomethyl ether acetate (Dowanol®, 
Aldrich, >99.5%), tetraphenylphosphonium bromide (TPPB) (Aldrich, 97%), N,N’-dicyclohexyl 
carbodiimide (Acros, 99%) and 4-dimethyl aminopyridine (Fluka, > 99%)  were used as received.  
2-{[(Butylsulfanyl)carbonothioyl]sulfanyl}propanoic acid (BuPAT), 1-ethoxyethyl acrylate (EEA) were 
prepared as described in chapter 3. 10,11-epoxyundecanoic acid (M2) was prepared following a 
literature procedure.[11] 2,2’-Azobis(isobutyronitrile) (AIBN) (Aldrich) was recrystallized twice from 
methanol. Pyridine (Alfa Aesar, 99+%) was dried over CaH2, toluene (Aldrich, HPLC grade) was dried 
over Na and THF (Aldrich, HPLC grade) was dried over Na and benzophenone. 
6.8.2 Characterization  
1H-NMR 
1H-NMR spectra were recorded in DMSO-d6 (Euriso-top) and THF-d8 (Euriso-top) on a Bruker AVANCE 
300 (300 MHz) NMR spectrometer.  
Gel permeation Chromatography 
Gel permeation Chromatography (GPC) analyses were performed on a Waters instrument, with a RI 
detector (2414 Waters), equipped with 3 Polymer Standards Services GPC serial columns (1 X GRAM 
Analytical 30 Å, 10 µm and 2 x GRAM Analytical 1000 Å, 10 µm) at 35 °C. PMMA standards were used 
for calibration and DMA containing LiBr (0.42 g.mL-1) was used as a solvent at a flow rate of 1 mL.min-
1. Molecular weight and dispersities were determined using Empower software.  
Infrared measurements 
Infrared measurements were carried out on a ATR Perkin Elmer FT-IR Spectrum 1000 in a range of 
4000 to 600 cm-1 using 16 scans per measurement.  
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Dynamic light scattering 
DLS measurements were performed on a Zetasizer Nano series of Malvern. The measurement was 
done under an angle of 137°, using a He-Ne laser as the light source and the data was processed with 
Zetasizer software.  
UV-Vis measurements 
UV-Vis measurements were performed on an AnalytikJEna Specord 200 in quartz cuvettes with a 
thickness of 10 mm at a wavelength range of 200 to 700 nm. The concentration of each sample was 1 
mg/mL.  
Thermogravimetric analysis (TGA) 
Thermogravimetric analysis was performed with a Mettler Toledo TGA/SDTA851e instrument under 
N2 atmosphere at a heating rate of 10°C.min-1 from 25°C- 800°C. 
Emulsion stability measurements 
Emulsion stability measurements were performed as follows: a measured amount of graft copolymer 
was dissolved in 10 mL of water after which 10 mL of decane was added to the solution. After stirring 
for 2 min with a mixer operating at 2000 rpm, the emulsion was poured into a 25 mL measuring 
cylinder. The time needed for 10% demixing of the solution was measured to determine the 
emulsion stability.[24] 
6.8.3 Synthesis 
6.8.3.1 Synthesis of the hydrophobic backbone (P1) 
The polymer was prepared according to an adapted procedure from White et al.[11] A solution of 
10,11-epoxyundecanoic acid (M2, 10 g, 0.05 mol), tetraphenylphosphoniumbromide (TPPB) (0.3 g, 
0.715 mmol) and 42 mL Dowanol was mechanically stirred in a 100 mL 3-necked round bottom flask 
equipped with a condenser and thermocouple. The mixture was heated to 140 °C for 4 h under inert 
atmosphere. Subsequently, the reaction mixture was precipitated into water. The precipitate was 
suspended in 100 ml acetone and stirred overnight to remove the low molecular weight fractions. 
The suspension was filtered and let to dry in a vacuum oven at 30°C overnight.  
Chapter 6 
156 
 
6.8.3.2 Macro-RAFT agent (P2) 
P1 (0.5 g, 2.5 mmol OH’s) was placed into a round bottom flask and any water residue was 
azeotropically distilled (3 times) with dry THF. The polymer was then dissolved in 6 mL dry pyridine 
under argon atmosphere; into this solution, first a mixture of BuPAT (0.715 g, 3 mmol) and 4-
dimethylaminopyridine (DMAP) (0.122 g, 1 mmol)  in 1 mL dry pyridine and then a solution of N,N'-
dicyclohexylcarbodiimide (DCC) (0.645 g, 3.125 mmol) in 1 mL dry pyridine was added drop wise. The 
mixture was stirred at room temperature for 4 h. The formed dicyclohexylurea (DCU) was filtered 
and the filtrate was precipitated into water. The precipitate was dissolved in toluene,  passed twice 
through a small plug of basic activated aluminum oxide to remove any BuPAT residue, and stored as 
such in order to avoid solubility issues, due to crosslinking. 
6.8.3.3 Synthesis of graft copolymer (P3) 
A Schlenk-tube was filled with macro-CTA (0.1 g, 0.36 mmol CTA), AIBN (5.8 mg, 0.036 mmol), 
ethoxyethyl acrylate (5.14 g, 35.7 mmol) and 6 mL of dry toluene. The mixture was degassed via 3 
freeze-pump-thaw cycles. Subsequently, the tube was brought to 70°C for 1 to 4 h depending on the 
increase in viscosity. The mixture was precipitated in water and the precipitate was dissolved in as 
little as possible toluene or THF for storage. 
6.8.3.4 Deprotection of the grafts (P4) 
P3 (0,5 g) was dissolved in 10 mL DMF and refluxed for 1 h at 150 °C. Afterwards DMF was 
evaporated under vacuum. 
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Chapter 7: Summary and Conclusion 
 
 
 
 
This thesis focused on the synthesis and characterization of bio-based segmented polymer 
structures, with potential applications as dispersants or surfactants. The selected polymeric 
architectures – block-, triblock- and graft copolymers – were all based on (potential) renewable 
resources and consisted of a combination of polyacrylates and polyesters. For those cases where 
synthesis and characterization was successful, a first step in the evaluation of the obtained structures 
in micelle formation and stabilization was tested. 
 
The monomer that was mostly used in this research was acrylic acid because it is a widely explored 
chemical in renewable context, often used as a starting compound for lots of acrylates and is applied 
in different industrial applications.[1] To overcome problems during polymerization, due to the 
presence of the carboxylic acid groups, a patented method from our group to protect acrylic acid 
during polymerization was used.[2] In this method, acrylic acid is reacted with ethyl vinyl ether to 
obtain 1-ethoxyethyl acrylate (EEA). A key step in using protecting groups during polymerization is 
the quantitative deprotection of the protecting groups afterwards.[3] The advantage of the chosen 
strategy is that deprotection occurs by a simple heating step while no purification or additional 
chemicals are needed. The applied 1-ethoxyethyl group is easily removed, thereby releasing ethyl 
vinyl ether again. As ethyl vinyl ether is quite volatile (bp: 33 °C), it is theoretically possible to recycle 
and reuse the monomer via a closed loop for the same purpose, thus contributing to a more 
environmentally friendly process. 
 
The opportunity to use only RAFT polymerization of bio-acrylates to synthesize amphiphilic block 
copolymers was investigated in Chapter 3. Different acrylates were tested and as a final combination 
acrylic acid (AA) as the hydrophilic part and lauryl acrylate (LA) as the hydrophobic part were chosen. 
First an appropriate RAFT-agent was synthesized on a large scale[4], after which the preparation of 
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the block copolymers could start. PAA-b-PLA block copolymers were successfully synthesized by a 
chain extension reaction of poly(lauryl acrylate) homopolymer with 1-ethoxyethyl acrylate. After the 
deprotection of 1-ethoxyethyl acrylate into acrylic acid, amphiphilic block copolymers were obtained. 
Different ratios of hydrophobic to hydrophilic segments were prepared (50-50; 1/3 – 2/3 and 2/3 - 
1/3 ratio hydrophobic compared to hydrophilic part) and these block copolymers were tested on 
their self-assembly using DLS.  
 
The combination of RAFT and ADMET was the second route, evaluated for the synthesis of 
renewable segmented polymer structures as detailed in Chapter 4. The goal of this double-
polymerization-method strategy, applied for the first time to our knowledge, was to obtain 
amphiphilic ABA triblock copolymers, in which the A-segments consisted of hydrophilic poly(acrylic 
acid) blocks and the B-segments were made from hydrophobic polyester segments. Starting from an 
α,ω-bistrithiocarbonate-end functionalized telechelic hydrophobic polyester, made by the ADMET 
procedure, a chain extension reaction of 1-ethoxyethyl acrylate was performed using RAFT. The 
synthesis of this end functionalized telechelic polyester started with the modification of a RAFT agent 
into an ADMET chain stopper. This functional chain stopper was then combined with undecyl 
undecenoate in an ADMET polymerization to obtain the desired hydrophobic B-block. This telechelic 
polymer was subsequently used in a chain extension polymerization of 1-ethoxyethyl acrylate. 
Different reaction parameters were optimized and 1H-NMR and SEC analysis proved chain extension 
reaction. However, not only ABA triblock copolymers were formed. Due to an incomplete end 
capping, also AB block copolymers were formed. Furthermore, the used catalyst interacted with the 
trithiocarbonate, turning it inactive for the RAFT polymerization. Due to these and other side 
reactions,  a mixture of different structures was obtained. Although this polymerization strategy 
formed a mixture of different structures, this route is still very promising for future research. 
 
In the last two chapters, two methods were tested to obtain amphiphilic graft copolymers based on a 
hydrophobic polyester backbone and hydrophilic polyacrylate grafts. In Chapter 5, the grafting onto 
method was tested, using the thiol-ene/-yne reaction. Different functionalized bio-based monomers 
that could react in a step-growth polymerization were prepared. Both diols as well as an α-hydroxy 
acid were successfully synthesized and characterized. The alkene / alkyne containing monomers were 
combined with readily available bio-based monomers, namely adipic acid and 1,4-butanediol, in a 
two-step melt polycondensation reaction. The functionalized α-hydroxy acid was used with lactic acid 
in a polymerization reaction, where the formed water was azeotropically removed. The incorporated 
functionalities survived the reaction conditions, giving rise to functionalized polyester backbones. 
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The modified poly(lactic acid) backbone was used in a post-polymerization modification reaction with 
small molecular weight thiol-containing compounds to prove the success of the thiol-ene 
modification reaction. Both benzyl mercaptan, as well as thioglycerol were used as modification 
agent. The thiol-ene reaction was successful and a change in hydrophobicity was observed after 
reaction with thioglycerol. Then, the other functionalized polyesters were used as polymeric 
backbone for the synthesis of amphiphilic graft copolymers. First, poly(1-ethoxyethyl acrylate) was 
synthesized using RAFT. The trithiocarbonate end group on PEEA chains were converted into thiols 
by aminolysis, after which the two polymers were combined using a photo- or thermal initiator. Even 
though different parameters were altered, no successful graft copolymers were obtained. This failure  
could be ascribed to both side reactions occurring during aminolysis as well to compatibility issues 
during the grafting process.  
 
In order to obtain the desired amphiphilic graft copolymers, a different strategy was chosen in 
Chapter 6.  Instead of preparing both polymers separately, the grafting from strategy was used. First 
a linear hydroxyl functionalized aliphatic polyester was prepared using 10-undecenol as starting 
compound. These hydroxyl functionalities were modified in a post-polymerization modification 
reaction into  trithiocarbonate side groups. Conversions up to 97% were obtained and modification 
was proven by both 1H-NMR and SEC. This macro-RAFT agent was subsequently used in different 
RAFT polymerizations of 1-ethoxyethyl acrylate. The polymers were characterized with various 
spectroscopic techniques, confirming the successful grafting reaction on the polymer backbone. The 
amphiphilic graft copolymers formed micelles in water, and preliminary experiments showed that 
they could stabilize a water/decane mixture to a certain extent. 
Perspective 
 
Although several steps were taken in this PhD project in the direction of synthesizing amphiphilic 
segmented polymer structures from renewable resources, still some hurdles need to be overcome 
for a real potential implementation. First of all, for all structures made in this project, a synthesis on a 
larger scale is needed. Although sometimes quite some product could be isolated (>5g), upscaling is 
an absolute requirement that should first be addressed. In this research problems with the 
purification of the deprotected structures together with the solubility of intermediate polymers are 
the biggest obstacles that should be overcome. Without the upscaling, it is indeed not possible to 
obtain enough material to perform detailed dispersing / surfactant tests.  
Chapter 7      
162 
 
 
Next to the upscaling of the reactions, it seems necessary to alter the ratios in hydrophobic/ 
hydrophilic content of the prepared block copolymers. Only a small library was created at the 
moment, but in order to find the right ratio for the right application, some formulation research still 
needs to be done. Furthermore, only a small fraction of the commercially available bio-based 
monomers were used in this project. Different other, suitable candidates were not tested. This gives 
the opportunity to further improve the characteristics of the obtained segmented structures and 
really fine tune the properties needed for a specific application.  
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Chapter 8: Nederlandstalige 
samenvatting 
 
 
 
 
Kunststoffen zijn een essentieel onderdeel van onze moderne maatschappij geworden. Je kunt ze 
vinden in het dagelijks leven, met alledaagse toepassingen in verpakking, bouw- en 
constructiematerialen en elektrische apparaten. Anderzijds, ook in minder conventionele 
toepassingen, zoals op het medisch vlak, hebben polymeren voor grote doorbraken gezorgd. Echter, 
als gevolg van de uitputting van de fossiele brandstoffen, wordt de verdere, geplande uitbreiding van 
de polymeerindustrie een uitdaging. Bovendien neemt de bewustwording van de overheden, 
industrieën en de openbare opinie toe als het gaat om duurzaamheid van producten.[1-3] Als gevolg 
hiervan neemt de belangstelling voor de ontwikkeling van "groene" kunststoffen uit hernieuwbare 
bronnen toe.[4-5] Tegenwoordig zijn er reeds een beperkt aantal commerciële successen voor 
biopolymeren, zoals polymelkzuur of polyethyleen gemaakt van ethyleen uit biologische oorsprong. 
Echter, biogebaseerde polymeren bezetten momenteel nog maar een fractie van de wereldwijde 
markt, met een volume dat  goed is voor minder dan 1%.[6] 
Behalve de toenemende vraag naar de productie van biogebaseerde bulkpolymeren, stijgt ook de 
vraag naar biogebaseerde polymeeradditieven. Deze additieven kunnen bestaan uit gesegmenteerde 
polymeerstructuren die gebruikt kunnen worden als mengadditief, dispergeermiddel of surfactant. 
Vanuit die context, is de doelstelling van dit doctoraatsonderzoek gegroeid, namelijk de synthese 
van gesegmenteerde polymeerstructuren uit hernieuwbare grondstoffen door combinatie van 
polymerisatietechnieken, waarbij de verkregen structuren getest werden op hun eigenschappen 
als polymeeradditief.  
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Het doctoraatsonderzoek startte met de synthese van de meest eenvoudige gesegmenteerde 
structuren in hoofdstuk 3, namelijk blokcopolymeren. Voor de synthese van deze structuren werd de 
RAFT polymerisatie aangewend. In eerste instantie werd nagegaan welke hernieuwbare monomeren 
gebruikt konden worden, waarbij zowel hydrofobe als hydrofiele monomeren getest werden op hun 
vermogen om gepolymeriseerd te worden via RAFT. Als hydrofobe component werd geopteerd voor 
laurylacrylaat, terwijl voor de hydrofiele stukken gekozen werd voor acrylzuur. Aangezien beide 
monomeren moeilijk te combineren zijn door hun verschil in hydrofobiciteit, werd acrylzuur vooraf 
omgezet in 1-ethoxyethyl acrylaat, een hydrofoob monomeer, dat gemakkelijk weer in acrylzuur 
wordt omgezet door een eenvoudige verwarmingsstap. Het derde geteste monomeer, itaconzuur, 
werd na uitgebreid onderzoek niet verder aangewend aangezien de opbrengst en omzettingsgraad 
van de polymerisatie te laag was. 
 Startend met laurylacrylaat, werden verschillende blokcopolymeren bereid via de sequentiële 
monomeeradditie route. Hierbij werd eerst poly(lauryacrylaat) gesynthetiseerd met verschillende 
moleculaire gewichten, waarna de polymeren werden gezuiverd en gebruikt konden worden als 
macro-RAFT agent in de polymerisatie van 1-ethoxyethyl acrylaat. Blokcopolymeren met een 
moleculair gewicht dat varieerde tussen de 7000 tot 30 000 g.mol-1 werden zo gemaakt. Na de 
transformatie van het 1-ethoxyethyl acrylaat tot het hydrofiele acrylzuur, werden de structuren 
getest op hun micelvormende eigenschappen via DLS. Hoewel hoopvolle resultaten werden 
verkregen, zijn er nog mogelijkheden om deze strategie verder uit te diepen. Bijvoorbeeld, na een 
optimalisatie van de synthese en een zoektocht naar een betere methode om de micellen te 
genereren, zouden emulsie-stabilisatietesten kunnen uitgevoerd worden. In deze experimenten 
worden de blokcopolymeren toegevoegd aan een water-decaan mengsel en wordt een emulsie 
opgebouwd, waarna de tijd wordt gemeten die nodig is om de emulsie 10% te laten ontmengen. 
Verder kunnen ook andere testen uitgevoerd worden om de eigenschappen na te gaan van de 
gevormde polymeren, zoals het dispergeren van kleurmiddelen en het visualiseren van de gevormde 
micellen door gebruik te maken van (cryo)TEM.  
Het tweede type gesegmenteerde structuren dat geëvalueerd werd in deze thesis waren de 
triblokcopolymeren, zoals beschreven in hoofdstuk 4. Hierbij werd voor de synthese geopteerd voor  
een combinatie van ADMET en RAFT polymerisaties. Als eerste stap reageerde een carbonzuur 
bevattend RAFT-agent met 10-undecenol tot een gefunctionaliseerde ketenstopper. Door deze 
functionalisatie kan het RAFT-agent nog steeds de polymerisatie van acrylaten uitvoeren, maar kan -
door de introductie van 10-undecenol - deze ook fungeren als ketenstopper in een ADMET 
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polymerisatie. Deze werd vervolgens gecombineerd met het vetzuur-derivaat undecyl undecenoaat 
in een ADMET polymerisatie, waarbij een α,ω-bistrithiocarbonaat eindgefunctionaliseerd telechelisch 
hydrofoob polyester werd verkregen. Tijdens deze polymerisatie werd een omzettingsgraad van de 
eindstandige dubbele bindingen van 99% bereikt. De molecuulgewichten varieerden van 6000 tot 
12000 g.mol-1. Doordat het gevormde polymeer RAFT-eindgroepen bevat, kan het aangewend 
worden als macro-RAFT agent in de ketenverlengingspolymerisatie van 1-ethoxyethyl acrylaat. Zowel 
uit de 1H-NMR als de SEC analyse bleek dat polymerisatie van het acrylaat was doorgegaan, maar de 
hoge dispersiteiten verkregen uit de SEC analyse wezen op de aanwezigheid van nevenreacties. 
Inderdaad, doordat de omzettingsgraad van de eindstandige dubbele bindingen niet 100% was, 
zullen tijdens polymerisatie ook AB blokcopolymeren gevormd worden. Verder bleek uit het 
onderzoek dat er een interactie optrad tussen de RAFT-eindgroep en de ADMET katalysator, 
waardoor de RAFT-eindgroep niet meer in staat was om de polymerisatie gecontroleerd uit te 
voeren. Door al deze nevenreacties werd in plaats van enkel triblokcopolymeren, een mengsel van 
AB, ABA en graftcopolymeren verkregen.  
Hoewel geen zuivere triblokcopolymeren verkregen werden, is de voorgestelde synthetische route 
een mogelijke opschaalbare methode om deze ABA structuren te verkrijgen. Om van deze strategie 
een succes te maken, moeten er echter nog een aantal obstakels overwonnen worden. Zo zal de 
omzetting van de eindstandige dubbele bindingen volledig moeten doorgaan om mogelijke AB 
structuren te vermijden. Verder zal men de interactie tussen de RAFT-groep en de katalysator 
moeten omzeilen. In deze thesis werd een deel van de interacties verbroken door de polymeren te 
zuiveren over basisch aluminiumoxide. Deze techniek lijkt veelbelovend en zou misschien meerdere 
malen herhaald moeten worden om er zo voor te zorgen dat alle sporen van ADMET-katalysator uit 
de polymeren verwijderd zijn, vooraleer te starten met de ketenverlenging.   
In hoofdstuk 5 en 6 werden graftcopolymeren gesynthetiseerd, waarbij per hoofdstuk een 
verschillende polymerisatietechniek getest werd. In hoofdstuk 5 werd nagegaan of graftcopolymeren 
gesynthetiseerd konden worden via de “grafting onto” methode waarbij de verschillende segmenten 
aan elkaar gekoppeld worden via de thiol-een / -yn reactie. Hiervoor werden eerst monomeren 
gesynthetiseerd die een alkeen- of alkynfunctionaliteit bevatten. Deze monomeren werden dan via 
een klassieke polycondensatiereactie geïncorporeerd in de polyester hoofdketen. De 
gesynthetiseerde monomeren bestonden zowel uit gefunctionaliseerde diolen, die later 
gecombineerd werden met hernieuwbare diolen en dicarbonzuren, als uit een α-hydroxyzuur dat 
toegevoegd werd tijdens de polymerisatie van melkzuur. In beide gevallen werden verschillende 
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hoeveelheden van het gefunctionaliseerde monomeer in de hoofdketen geïncorporeerd. De 
polymeren gevormd door de reactie tussen melkzuur en het α-hydroxyzuur werden verder gebruikt 
in een post-polymerisatie reactie, waarbij het ingebouwde alkeen reageerde met benzyl mercaptan, 
dan wel met thioglycerol. De reactie van het polymeer met deze laag moleculair gewicht 
componenten was succesvol en een verandering in de fysico-chemische eigenschappen werd 
waargenomen. Zo precipiteerde het gemodificeerde polymeer in een ander solvent en was er een 
verandering in de hydrofobiciteit op te merken in de contacthoekmetingen.[7]  
Na het succes van deze modificatie van de polymeerhoofdketen met laag moleculair gewicht 
componenten, werd getracht graftcopolymeren te synthetiseren via deze techniek. Daarbij werd 
gebruik gemaakt van poly(1-ethoxyethyl acrylaat) ketens die een eindstandige thiol-groep bevatten. 
Deze polymeerketens werden gevormd door de RAFT polymerisatie waar, na zuivering van het 
polymeer, de RAFT-eindgroep werd omgezet in een thiolgroep door middel van een 
aminolysereactie. Deze thiol-bevattende polymeren werden dan gecombineerd met de polyester 
ketens die alkeen- of alkynfunctionaliteiten bevatten. Verschillende parameters werden getest 
(hoeveelheid thiol t.o.v. dubbele binding, initiatorhoeveelheid, type initiator, ...) maar er werden 
nooit graftcopolymeren verkregen. Dit is waarschijnlijk te wijten aan verschillende nevenreacties die 
kunnen doorgaan tijdens de aminolysereactie, alsook aan de incompatibiliteit van de twee 
polymeerketens, waardoor reactie tussen het thiol en de alkeen/alkyn functionaliteit ongunstiger is.  
Aangezien de “grafting onto” methode niet het gewenste resultaat gaf werd er gezocht naar een 
andere methode om graftcopolymeren te synthetiseren. In hoofdstuk 6 werd daarom een “grafting 
from” aanpak aangewend. In de eerste plaats werd hierbij gezocht naar een methode om een macro-
RAFT agent te synthetiseren, waarna dit polymeer gebruikt kon worden in de polymerisatie van 1-
ethoxyethyl acrylaat. Voor de synthese van dit macro-RAFT agent werd gebruik gemaakt van het 
hernieuwbare monomeer 10-undeceenzuur. Vanuit dit monomeer werden hydrofobe 
polymeerketens geproduceerd die langs de keten hydroxylgroepen bevatten. Deze hydroxylgroepen 
werden in een post-polymerisatie reactie omgezet tot RAFT-groepen (97% omzetting van deze 
hydroxylgroepen tot de RAFT-groepen werd verkregen). Deze macro-RAFT ketens werden vervolgens 
gebruikt in de RAFT polymerisatie van 1-ethoxyethyl acrylaat. Zowel in 1H-NMR, SEC als in FTIR werd 
aangetoond dat deze “grafting from” polymerisatie succesvol was. Na ontscherming van de zijketens 
tot poly(acrylzuur), werden de structuren getest op hun eigenschappen als polymeeradditief. De 
graftcopolymeren vormden micellen in water en eerste testen toonden aan dat de gesynthetiseerde 
polymeren een water / decaan mengsel konden stabiliseren tot op zekere hoogte.[8]  
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